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ABSTRACT 
This thesis is divided into two distinct parts.  Part 1 relates to the requirements of 
the S.M.C.E.E. degree, and Part 2 relates to the M.S.R.E.D. degree.   
 
Part 1: The Influence of Boundary Conditions and Higher Mode Shapes on 
First-Crack Prediction for Blast-Resistant Glazing Systems: This study 
reviews the extent to which two commonly used assumptions in the design of 
blast-resistant glazing systems influence modeling results.  Blast-resistant 
glazing designers typically model glazing by assuming that glass plates are 
simply supported on four edges, and that they can be represented by a single 
degree of freedom model that assumes one mode of vibration.  In reality, glazing 
sealants provide elastic support, and the dynamic response of plates to blast 
loads consists of the superposition of several modes of vibration.  This study 
investigates the inaccuracy caused by these assumptions by comparing 
conventional results to those of more sophisticated finite element analyses.   
 
Part 2: A Survey of Incentive Programs and Strategies for Large-Scale, 
“Smart Growth” Developments in Massachusetts: Chapter 40R/40S, 
TIF/DIF/UCH-TIF, Special Development Districts, Affordable Housing 
Programs & Grant Programs: Politicians and legislators have placed a 
significant amount of emphasis on high-density, transit-oriented development as 
a method of dealing with the “housing crisis” in Massachusetts.  However, the 
type of infill redevelopment projects that the state wishes to encourage often face 
feasibility problems related to high infrastructure costs associated with 
redevelopment, rising construction costs, high affordability requirements, and/or 
the cost of creating structured parking.  This study examines the extent to which 
several newly created and existing programs are capable of helping large-scale 
smart growth projects attain feasibility and it provides strategies for using them.  
The surveyed programs include Chapter 40R/40S, TIF/DIF/UCH-TIF and special 
development districts, Affordable Housing Programs and other Grants.   
 
Thesis Supervisor: Oral Buyukozturk 
Title: Professor of Civil and Environmental Engineering 
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Chapter 1 - Introduction 
 
1.1 Introduction to Blast-Resistant Glazing Systems 
 
Explosive blasts produced by terrorist bombings typically cause a large number 
of casualties by propelling fragments of broken glass from windows and curtain 
wall systems into buildings.  The design community in the U.S. became aware of 
the need for glazing systems that mitigate such hazards after a large number of 
glass-related injuries were sustained during the Alfred P. Murrah Federal Building 
bombing of 19951.  The surge in domestic and international terrorism in recent 
years has caused a steady increase in demand for blast-resistant glazing 
systems (BRGS).  Their use is currently required in new federal building projects 
and is common in high-profile commercial projects as well.  However, given that 
any particular building has a low probability of being attacked, BRGS are also 
designed for affordability.  Standard BRGS designs utilize stock window and 
curtain wall components with minimal system modifications.  They are designed 
using some common analytical modeling techniques that rely on several 
simplifying assumptions. 
 
1.2 Research Needs Addressed by the Thesis 
 
This thesis addresses research needs related to the behavior of laminated glass 
used in BRGS up to the point at which the glass cracks (first-crack), as opposed 
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to its post-fracture behavior. The post-fracture behavior of the glazing is an 
important and active area of research, but is beyond the scope of the thesis.  
Accurate prediction of first-crack behavior is important because it has the 
potential to enhance the accuracy of post-fracture design procedures.  Post-
fracture design requires knowledge of the glazing behavior at the moment that 
the first-crack occurs, in order to derive initial conditions for the post-fracture 
analysis.  There already exists a body of knowledge and modeling techniques for 
predicting the behavior of glass up to the onset of the first-crack.  However, the 
extent to which certain simplifications and assumptions used in common analysis 
techniques influence the accuracy of results has not been rigorously investigated.   
 
1.3  Problem Description and Objective of the Thesis 
 
The thesis investigates two commonly used assumptions in predicting first-crack 
of blast-resistant glazing systems.  Investigating these assumptions requires a 
failure criterion for glass.  Because of the statistical nature of glass strength, a n 
existing probabilistic failure model for glass plates was adapted for the purpose 
of post-processing finite element analysis results.   This failure model is 
described in detail and the thesis, as it was used to investigate both of the 
assumptions described below.   
 
The first assumption is that glass in blast-resistant glazing systems can be 
modeled as a simply supported plate despite the fact that glazing sealants 
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actually provide an elastic boundary condition on all four edges.  Chapter 4 
examines the validity of the simply supported assumption by comparing modeling 
results of laterally loaded glazing supported on realistic boundary conditions (e.g. 
with sealants used to anchor glass to the framing system) to results of true 
simply supported models.  This part of the investigation used the common 
assumption that the dynamic response of glass is dominated by the fundamental 
mode, and that the plate’s response to blast loading can therefore be 
approximated by its behavior static loads of large magnitude.  The procedure 
was to compare the behavior of the two different glass models (simply supported 
versus glazed) over a wide range of static loads.  The results are assumed to 
correspond to behavior under blast loads that would produce a probability of 
failure ranging from low to high.   
 
The second assumption that the thesis investigates is that blast-resistant glazing 
behavior can be accurately approximated by the first mode shape alone, which 
serves as the basis for single-degree-of-freedom (SDOF) models commonly 
used in the design community.  Chapter 5 compares the results of SDOF models 
with those of more complex dynamic finite element models that include the 
influence of higher modes of vibration.  It compares the predictions of the two 
modeling techniques under several blast loading scenarios. 
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The objective of the thesis was to investigate the extent to which these two 
common assumptions result in reasonable results, and what modifications should 
be made (if any) to the current design practice.  The thesis is also intended to 
present some useful techniques for finite element analysis of glass plates, and 
for post-processing techniques that enable computation of the probability of glass 
failure.   
 
1.4 Organization of the Thesis 
 
This chapter provides a general introduction to the research needs and problems 
addressed by the thesis, and of its objectives and organization.  Chapter 2 
presents background information required to understand research on blast-
resistant glazing systems and a review of pertinent literature.  Section 2.1 
presents a description of the configuration of common blast-resistant glazing 
systems.  Section 2.2 provides a basic description of the type of loading created 
by bomb-blasts.  Section 2.3 reviews literature related to the performance of 
components of blast-resistant glazing systems prior to glass fracture.  These 
subjects include monolithic and laminated glass, failure criterion for glass plates, 
interlayer mechanical properties, and sealant properties.  Section 2.4 is a 
literature review pertinent to the post-fracture performance of laminated glass.  
Section 2.5 reviews current guidelines and standards used to design blast-
resistant glazing systems.  Section 2.6 reviews research needs that are beyond 
the scope of this thesis.   
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Chapter 3 introduces the models, finite element analysis techniques, and post-
processing procedures used in Chapters 4 and 5.  It begins by describing an 
idealized version of a blast-resistant glazing system which is the basis for the 
finite element models.  It then describes the parameters and equations used to 
represent blast loading, and common assumptions used in the finite element 
models.  Section 3.2 introduces the finite element models used in Chapters 4 and 
5, including their geometry, materials, loading, and boundary conditions and 
constraints.   Section 3.3 describes the element types and solution techniques 
used in the finite element models.  Section 3.4 presents a convergence study 
that was used to optimize the finite element mesh and to check that the modeling 
techniques produce accurate results.  Section 3.5 describes the failure criterion 
used compare modeling results, include an adaptation of an adaptation of an 
existing probabilistic failure model for glass plates.  It presents a computer 
program that was developed to post-process finite element results in order to 
calculate probability of failure of glass.   
 
Chapter 4 examines the influence of assumed boundary conditions commonly 
used in first-crack prediction.  It compares the behavior of an identical glass plate 
with simply supported and elastic support boundary conditions under static loads 
of a wide range of magnitudes.  The simply supported conditions correspond to 
the common assumption, whereas elastic support conditiions represents more 
realistic glazed support boundary conditions that aren’t used in common 
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analytical modeling techniques.  Section 4.1 compares the influence of the 
boundary conditions on the peak stresses and overall surface stress fields of the 
plate.  Section 4.2 compares the behavior of the boundary conditions on the 
probability of failure of the glass plate, using the post processing technique 
presented in Sec. 3.5.  Section 4.3 provides insight into the role of boundary 
conditions in the expected performance of the glass plate under blast loading by 
comparing the strain energy stored in the plate with its probability of failure under 
both types of boundary conditions.    
 
Chapter 5 examines the influence of higher mode shapes in the dynamic 
response of blast-resistant glazing.  It starts be describing the commonly used 
SDOF models, and explaining qualitatively the effect of higher modes not 
captured by the SDOF technique.  Section 5.2 presents the frequencies of the 
first ten modes of the plates described in Chapter 3.  Section 5.3 examines the 
frequency content of several blast loads and compares them to the frequencies 
of the higher mode shapes in order to gain insight into the extent to which the 
various blast loads would excite higher mode shapes.  Section 5.4 compares 
predicted finite element and SDOF center deflections, peak stresses, and 
probability of failures and comments on the extent to which these results are 
influenced by higher mode shapes.   Chapter 6 presents the important 
conclusions from Chapters 4 and 5.   
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Chapter 2 –Standard Design Practice and Literature Review 
 
This chapter contains background information pertaining to blast-resistant glazing 
systems and a review of the pertinent literature.   Section 2.1 consists of an 
overview of the configuration of typical blast-resistant glazing systems.  Section 
2.2 provides an introduction to blast loading.  The fundamental research that 
comprises the basis for blast-resistant glazing research is presented in Sections 
2.3 and 2.4.  Section 2.3 relates to the behavior of glass prior to fracture, and is 
divided into subsections relating to the behavior of monolithic glass, laminated 
glass, failure criterion for glass, interlayer properties, and sealant properties.  
Section 2.4 relates to the post-fracture behavior of glass.  The literature reviewed 
in Sections 2.3 and 2.4 consists of studies that appear to be marginally related to 
blast-resistant glazing.  This is because blast-resistant design standards were 
developed quickly, in response to changing world events, by adapting prior 
research on the response of individual components of glazing systems (e.g. 
glass, laminated glass, silicone sealants, interlayer) to extreme wind loading.  
The current state of the art of blast-resistant design is discussed in Section 2.5.  
Important research needs for improved design of blast-resistant glazing systems 
that are beyond the scope of this study are discussed in Section 2.6.    
 
2.1 Blast-Resistant Glazing System Configuration Overview 
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A typical BRGS detail is shown in Fig. 2.1.  BRGS use laminated glazing with a 
“glass fails first” philosophy.  The glass plies are expected to fracture under a 
design blast load before the frame or anchorage fails.  Most of the glass 
fragments should remain adhered to a ductile polymer interlayer, generally 
plasticized Polyvinyl Butyral (PVB).  The benefits of this approach in comparison 
to using very thick glazing are that the polymer interlayer dissipates energy and 
reduces loads transferred to the framing system, and that it mitigates the risk of 
flying glass shards in the event of glass fracture.   
 
Laminated glazing is generally fabricated from two or more plies of annealed, 
heat-strengthened, or fully tempered glazing.   In most cases, all four edges of 
the glazing are attached to the frame with a structural silicone glazing (SSG) 
sealant joint.  An insulated glazing unit (IG unit) is often used, in which case the 
inner pane of the unit consists of laminated glass and the outer pane generally 
consists of monolithic glass.   There are several choices available for the 
interlayer.  PVB is the most commonly used interlayer, but systems that are 
designed to resist very severe blast loads may make use of stiffer interlayers, 
such as SentryGlas Plus by DuPont, Inc.  Glass-clad polycarbonate laminated 
glazing is used where impact resistance or ballistic protection is desired.   
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Fig.2.1 – Section of a Typical Horizontal Mullion of a Pressure-Glazed BRGS 
 
2.2  Blast Loading 
 
Explosive air blasts from terrorist bombs result in a time-pressure loading curve 
of the form shown in Fig. 2.2.  The important parameters for cladding design are 
the peak reflected pressure (Pr), the positive phase time duration of loading (T0), 
and the impulse.  These variables are related to the size of the bomb (W), or its 
yield, in TNT equivalent weight, and to its distance from the building, or standoff 
distance (R).  When the blast wave impinges on the surface of a building, the 
peak reflected pressure rises as much as ten times the value of Ps, the static 
overpressure of the blast as it travels through air.  The peak reflected pressure 
increases with bomb yield and decreases with standoff distance.  The positive 
phase time duration increases with bomb yield and with standoff distance.  
Hence as any given blast wave travels in air, its potential peak reflected pressure 
Rigid 
mullion 
Glazing 
gaskets 
(non-
structural) 
Exterior 
Structural 
silicone 
sealant
PVB
Glass 
Pressure bar
Note:   The only 
components of the 
system that resist 
positive phase (inward 
acting) blast loads are 
the glazing, structural 
silicone sealant, and 
mullion. 
Monolithic glazing 
rather than an IG unit 
is shown for 
simplicity. 
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will decrease, and its positive phase duration will lengthen.  The impulse is a 
measure of the kinetic energy of the blast wave, and is equal to the area under 
the reflected pressure-time curve.   The U.S. Army has developed charts based 
on the Kingery-Bulmash equations from which impulse magnitude, time duration 
of loading, and peak reflected pressure can be calculated for a given design 
threat1 (refer to Chapter 3).  
 
Analysis of BRGS is often simplified by considering only the effect of a triangular 
shaped press-time curve that approximates the positive phase of loading, 
because negative phase effects do not significantly affect building occupants.   In 
this approach, which is used herein, the blast wave is assumed to be a step load 
which decays linearly with time (Fig. 2.2).  The required defining parameters are 
therefore Pr and T0.  The Governmental Services Agency (GSA) uses this 
approach for the design of federal buildings.  The GSA has established two blast 
hazard definitions, which are also a commonly used benchmark in the private 
sector (Table 1). 
 
Table 1 – GSA Hazard Level C & D Parameters 
 
Threat Level Peak Reflected 
Pressure 
Time Duration of 
Positive Phase 
Positive Phase 
Impulse 
GSA Level C 27.5 kPa 13.9 msec 0.191 kPa-msec 
GSA Level D 68.9 kPa 17.9 msec 0.616 kPa-msec 
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Fig.2.2 – Typical Pressure-Time Curve for an Explosive Airblast 
 
2.3  Prior Research on Behavior of Intact (pre-crack) Glazing Systems 
 
The following discussion introduces three distinct phases of blast-resistant 
glazing performance under blast loading and some assumptions about how the 
system behaves in each phase.  The phases have different energy dissipation 
mechanisms as illustrated in Fig. 2.3: 
 
• Prior to onset of first-crack in the glass (pre-crack):  Pre-crack, all of 
the kinetic energy from the blast is transferred to the glazing and stored as 
strain energy and kinetic energy.  While the glass is intact, the strain 
energy stored in the glass (Zone A of Fig. 2.3) greatly outweighs any 
viscous or frictional energy losses in polymeric components of the glazing 
system, which are generally ignored.     
Positive Phase 
Duration (Td) Negative Phase 
Time 
P
ressure 
Dashed Line Indicates Simplified 
(Triangular) Positive Phase  
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• First-Crack: The BRGS design community has developed several 
simplifying assumptions about first crack behavior in order to simplify 
analysis. The first assumption is that all plies of the glass in the laminate 
fail at the same time.  This is a reasonable assumption because when one 
ply cracks, redistribution of stresses results in very high stresses in the 
secondary ply(s).  Secondly, all of the strain energy stored in the glass 
during the pre-crack phase is assumed to dissipate immediately at the 
onset of the first crack.  This energy forms new glass surfaces (fracture 
energy), causes interface debonding at regions between glass fragments 
and the interlayer, and dissipates through frictional losses related to 
crushing of glass on the compression side.  The third major assumption is 
that the dense fracture pattern in the glass forms nearly instantaneously.  
The observed phenomenon of crazing, described in Sec. 2.4, provides 
some basis for this assumption.  The onset of first crack is therefore 
considered to be an abrupt and immediate transition from pre-crack to 
post-fracture behavior. 
• Post-Fracture: After first-crack, the fractured laminated glazing is 
assumed to behave as a membrane because of the dense fracture pattern 
associated with crazing2.  Energy dissipation occurs primarily through 
viscous losses and plastic deformation of the interlayer (Zone B of Fig. 
2.3).  The complex behavior of the fractured membrane is discussed in 
greater detail in Sec. 2.4. 
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Fig. 2.3: Typical Load vs. Center Deflection Plot for Laminated Glass 
 
2.3.1 Structural Behavior of Monolithic Glass Plates 
 
Early research on structural behavior of monolithic glass serves as the 
fundamental knowledge required for design of laminated glass used in blast-
resistant glazing.  This body of literature consists of comparisons of analytical 
and experimental stresses and deflections of simply supported monolithic glass 
plates subjected to uniformly-distributed static pressure loads.  The research was 
performed in order to develop efficient wind-loading design guidelines in the late 
1970’s and early 1980’s.   
 
All of these studies model the glass as a linear elastic material.  However, 
simply-supported glass plates exhibit a non-linear load-deformation response for 
deformations that exceed approximately half the plate thickness because of 
geometric effects.  At large deflections, significant in-plane “membrane” stresses 
Deflection 
Load 
Point of 
Glass 
Fracture 
Zone A 
Zone B 
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develop, which increase plate stiffness above that which would be caused by 
bending stresses alone.   Methods of computing stresses and deflections that 
consider this nonlinear geometric effect were the primary focus of the early 
studies of structural performance of glass plates.  
 
The early research on deflection of simply supported monolithic glass plates 
consisted of several theoretical and computational approaches to evaluating 
nonlinear glass plate behavior under uniform lateral static pressure loading.   
This behavior is described analytically by Von-Karman’s nonlinear plate 
equations, in rectangular coordinates as follows:  
 
24 4 4 2 2 2
4 2 2 4 2 22
F F w w wE
x x y y x y x y
⎡ ⎤⎛ ⎞∂ ∂ ∂ ∂ ∂ ∂+ + = −⎢ ⎥⎜ ⎟∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂⎢ ⎥⎝ ⎠⎣ ⎦
  
(eq. 2-1) 
 
4 4 4 2 2 2 2 2 2
4 2 2 4 2 2 2 22 2z
w w w F w F w F wD P h
x x y y y x x y x y x y
⎛ ⎞ ⎛ ⎞∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂+ + = + + −⎜ ⎟ ⎜ ⎟∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠  
(eq. 2-2) 
Where: 
The flexural rigidity of the plate is:    
3
212(1 )
EhD ν= −  
ν , Poisson’s ratio for glass is:                  0.2 2 
w  is the out of plane deflection. 
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F is an Airy stress function. 
 
The literature abounds with various solution techniques to these differential 
equations.  These solutions are only of mathematical curiosity since the advent of 
powerful desktop computers capable of handling large FE models.  Several 
important studies were performed by a team of researchers at Texas Technical 
University (TTU) who evaluated finite element methods3, finite difference 
methods4, and the Galerkin approach5.  They compared their analytical and 
computational results with experimental results obtained from loading glass 
plates in a vacuum chamber6.  They placed strain-gages at several locations on 
the plates to compare actual behavior with computational results.  Throughout 
the 1970’s and early 1980’s, the TTU team generally used a finite difference 
approach to the analytical method, but as computing power increased they 
switched to finite element methods4.  The TTU studies were used for developing 
the wind loading design codes, such as ASTM E13007, with the assistance of the 
Beason & Morgan glass failure prediction model that is described later in this 
chapter.   The studies provided some valuable physical insight into glass plate 
behavior in terms of idealization of stress fields.  They showed that the peak 
maximum principal stress is located near the middle of the plate at relatively 
small deflections, and that it migrates to the corner of the plate as deflection and 
stresses increase.   They also describe the phenomenon of corner uplift in 
simply-supported plates, where the far corner of the plate deflects upward toward 
the applied load, and in the opposite direction as the middle of the plate.   
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NASA performed an extensive FE study of thin glass plates for the purpose of 
designing solar reflector panels for spacecraft8.  Their study examined glass 
plates with aspect ratio varying from one to five, under a wide range of uniform 
lateral pressure loads.   They produced non-dimensionalized charts relating a 
load intensity factor (LIF) to non-dimensionalized center deflection and relating 
LIF to a peak stress intensity factor (SIF).   This study, authored by Moore, used 
a very coarse finite element mesh (the study was published in 1980).  Although 
the LIF versus deflection charts are quite accurate, the coarse mesh resulted in 
stresses that are inaccurate (too low) by approximately 10% at loading of 
relatively large magnitude (LIF exceeding 100).  Beason later used a finer mesh 
to reproduce Moore’s work with much more accurate stress results33.   
 
Influence of Boundary Conditions on Monolithic Plate Stresses  
 
The literature described above consists of analysis of simply supported plates.  
However, commercial glazing systems do not have truly simply supported 
boundary conditions.  Glazing systems generally have glazing gaskets on both 
side of the glass.  Blast resistant glazing systems also have structural silicone 
sealant instead of, or in addition to, the inboard glazing gasket (Fig.2.1).   Glazing 
gaskets or sealants provide an elastic support, rather than a true simply 
supported boundary condition.  Furthermore, structural silicone sealant provides 
some resistance to in-plane motion of the glass, and to rotation of the glass.  
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Vallabhan studied the effect of glazing gaskets on the stress-state of monolithic 
glass plates9.  His results show that corner stresses are relieved by the glazing 
gaskets, compared to the simply supported models, because the plate corner is 
not fully restrained.  Wind loading codes continued to use simply supported 
models, because the difference in the stress distribution with elastic supports 
tends to occur at loads that exceed the working range of glass subjected to 
design wind loads.   However, blast-resistant glazing is subject to much larger 
loads and deflections than glass subjected to wind loading, so the role of glazed 
versus simply supported boundary conditions may have an important influence 
on BRGS performance.   
 
Norville’s work provides further evidence that the role of elastic supports may 
have a non-negligible impact on glass plate behavior.  Norville compared 
analytical and experimental results of uniformly distributed loading of glass 
plates.  He found that measurements taken for certain aspect ratios at plate 
corners did not correlate with analytical data, but that measurements taken near 
the middle of the plate did correlate with analytical data.  He attributed this 
phenomenon to the difference between actual support conditions (neoprene 
glazing gaskets), and truly simply supported assumptions used in the models10.   
 
The effect of structural silicone glazing boundary conditions on stresses in the 
glass has not been studied.  It is unclear whether sealants influence plate 
stresses in a manner similar to glazing gaskets because sealants are typically 
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less compliant than glazing gaskets, so the distribution of stresses in plates with 
structural silicone sealant at the edges may more closely approximate the 
behavior of the simply supported models.   
  
Dynamic Analysis of Monolithic Glass Plates 
 
There are surprisingly few studies on the behavior of glass plates subjected to 
dynamic loads.  Vallabhan presented a finite difference approach to integrating 
the Von Karman equations presented above, with dynamic loads, but the study 
does not examine the dynamic response of glass plates11.  Researchers at the 
University of Missouri examined the probability of failure of glass plates subjected 
to blast loading12.  The focus of this study was to study the relationship between 
probability of failure and blast impulse.  The influence of higher mode shapes in 
the dynamic response of blast-resistant glazing systems is not contained in the 
literature.  Most designers use a single degree of freedom idealization of glass 
behavior for dynamic analysis.  In this approach, which is described in detail in 
Chapter 4, the dynamic response of glass is assumed to be a function of the first 
mode shape only, which is approximated by the statically deflected shape. 
   
2.3.2 Structural Behavior of Laminated Glass  
 
Research on the structural performance of architectural laminated glass was 
initiated in the late 1970’s in response to the demand for impact-resistant glazing 
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for buildings in hurricane-prone regions.  This research focused on laminated 
glass fabricated from two plies of glass with a PVB interlayer.   The TTU 
researchers initially developed an upper and lower bound model for laminated 
glass structural performance and compared the results of both to experimental 
data (Fig. 2.4).   
 
The lower-bound approach, termed the layered model, consisted of a non-linear 
mathematical model based on the previously described Von Karman’s equations 
for two layered monolithic plates.  This model assumed that the interlayer is so 
compliant that it does not provide any shear transfer between the two layered 
plates13.   The data used to compare the model to actual results consisted of 
center deflection measurements and strain-gauge readings at the corner and 
middle of the plates, from which the authors calculated surface stresses.  The 
study showed poor agreement between analytical and experimental results 
except at very high temperatures or under very long load durations. 
 
 Behr investigated an upper bound, or monolithic approach14.  He assumed that 
the interlayer provided perfect shear transfer between the plates of glass and that 
the laminate could be modeled as a monolithic plate with thickness equal to the 
combined thickness of glass plies.  He compared results for the monolithic model 
to laminated glass experimental data at 22C, 49C, and 77C, and found poor 
agreement except at low temperature and short load durations.  These studies 
show that the layered and monolithic models are both inadequate to describe the 
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true behavior of laminated glass; this is the result of PVB’s strong dependence 
on time and temperature, which is described later in this chapter.  Viscoelastic 
stress relaxation and temperature induced reduction in the shear modulus of the 
interlayer strongly influences the ability of the interlayer to provide shear transfer 
between the glass plies.   
 
 
 
 
 
 
 
 
 
Fig. 2.4: Center Deflection vs. Load for Laminated Plate Compared to Monolithic 
and Layered Models (from Behr) 
 
Researchers at TTU also developed an analytical model for thin sandwich glass 
plates with a soft core.  They used a variational approach to the Von Karman 
equations to develop five nonlinear differential equations, which they solved with 
an interative numerical approach15.   The approach is of limited value because of 
its mathematical complexity and because it does not account for the time and 
temperature dependence of the interlayer shear modulus.   
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The TTU research resulted in the development of wind-loading design guidelines 
for laminated glass.  However, the subject of appropriate “strength factors” for 
comparing the strength of PVB laminated glass to monolithic glazing is still widely 
argued.  Many codes use a strength factor for laminated glass that compares 
monolithic glass to laminated glass strength by multiplying allowable load by a 
factor ranging from 0.75 to 1.0, for long term or high temperature, versus short 
term or low temperature loading, respectively.  In current practice, stress analysis 
of laminated glass is commonly performed with finite element models.   The 
accuracy of this approach is better than the previously described approaches, but 
is limited by the lack of sophisticated models for interlayer behavior, as described 
later in this chapter.   
 
The current relevance of the TTU research to blast-resistant glazing design is 
that it illustrates the importance of load duration and temperature.  It indicates 
that at low temperature or short load duration (i.e. blast), the strength of 
laminated glass strength can exceed that of monolithic glazing.  This result has 
been attributed to an increase in the depth of the neutral axis, and to the earlier 
development of membrane stresses16. 
 
2.3.3 Failure Criterion for Glass Plates 
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This section introduces two approaches to predicting failure of glass plates that 
are commonly used, both of which are based on the fact that glass fails in 
tension due to Griffith flaws on the plate surface.  In 1920, Griffith made his now 
famous observation that brittle failure of glass is initiated at stress concentrations 
that are caused by flaws in the surface of the glass that have random size and 
distribution.  A glass plate fails if a sufficiently large surface tensile stress field 
exists at the region of a surface flaw for finite time duration.  The tensile stress 
field required to cause failure depends on the size of a flow, and its orientation 
with respect to the surface stress field.        
 
In the peak-stress based approach, the glass is assumed to fail when the peak 
tensile stress on the glass surface reaches a critical value.  This approach 
assumes that surface flaws of a certain size are well distributed over the glass 
plate surface, and that once the tensile stress reaches a critical value, failure will 
occur.  It is commonly used as a first-approximation in design, but is not widely 
accepted for detailed design.  A closely related, but improved, approach is to 
define the failure stress of glass with a normal distribution.   This approach 
recognizes the statistical variation in glass strength.  However, like the more 
basic peak stress approach, it also assumes a uniform distribution of surface 
flaws, in that failure is assumed to occur at the region of peak tensile stress 
regardless of the stress-state in other regions of the plate.  It does not capture 
the effect on probability of failure caused by the highly non-uniform stress 
distribution that occurs in laterally loaded plates.  Under the peak-stress 
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approach, a plate under equibiaxial tensile stress would have the same 
probability of failure as a laterally loaded plate that has an equivalent peak tensile 
stress only at one small region, with much lower stresses throughout the rest of 
the plate surface.  Some commonly used values for the mean and standard 
deviation of ultimate glass strength from the HAZL computer program33 are 
presented in Table 2 for various types of glass.   
 
Table 2: Normal Distribution Parameters for Peak Stress Based Design 
 
Glass Type Mean Failure Stress Coefficient of Variation 
Annealed (weathered) 69.6  MPa 0.05 
Annealed (new) 84.8 MPa 0.279 
Heat Strengthened (new) 115 MPa 0.15 
Fully Tempered 
(weathered) 
229 MPa 0.033 
Fully Tempered (new) 168 MPa 0.1 
 
 
As illustrated by the above data, new glass has a higher mean failure stress than 
weathered glass because Griffith flaws increase in size in the presence of 
moisture, and new flaws are likely to develop with handling.   However, the 
coefficient of variation of mean failure stress is much lower for weathered glass, 
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as aging tends to produce a more uniform distribution of Griffith flaws from plate-
to-plate17. 
 
An entirely different approach is to use a probabilistic model that includes more 
variables than peak-stress alone.  This method is better suited to predicting the 
failure of a plate that has flaws with unknown and non-uniform size, distribution 
and orientation.  In 1984, Beason and Morgan published a probabilistic glass 
failure model for laterally loaded glass plates that is based on a Weibull failure 
distribution18 (refer to Eq. 2-3).   The Beason and Morgan model, which serves as 
the backbone of the ASTM E1300 windloading design guidelines, is 
computationally intensive, and its calibration requires collecting a large amount of 
experimental data.  The failure model is used extensively in this study and is 
presented in detail in Chapter 3.   In this Section, the functionality and limitations 
of the model are introduced.   The probability of failure is given as: 
1 e BfP
−= −  
(eq. 2-3) 
Where Pf is the probability of failure, and B is a risk function determined by 
experimental parameters and system variables.  The statistical model uses two 
experimentally determined coefficients, called surface flaw parameters, which are 
dependant only on the type of glass (fully tempered, heat strengthened or 
annealed, new or old), and which must be determined from extensive testing of 
glass to failure.   The development of ASTM E1300 required a comprehensive 
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program of testing weathered annealed glass plates to determine appropriate 
parameters for the model, which are used in Chapter 3.  Although consensus 
was reached on appropriate surface flaw parameters for this glass type, reliable 
surface flaw parameters for other types of glass are hard to come by19.  
 
Several variables other than glass type also influence the probability of failure.   
The time duration of loading has an important influence on probability of failure.  
Glass strength decreases as time duration of loading increases because surface 
flaws take time to grow.  This phenomenon is called “static fatigue”.  Corrections 
for static fatigue effects are described in Chapter 3.  The Beason & Morgan 
model also incorporates plate area as a variable.  Larger plates are more likely to 
have a critical flaw located in a region of high tensile stress under lateral loading, 
and are therefore more likely to fail, compared to a smaller plate with an 
equivalent stress distribution.   The most important variable in the model is the 
stress distribution on both surfaces of the plate.  As described later, computing 
the risk function involves integration of the maximum principal tensile stress over 
the surface area of the plate.  This step captures the stress-state over the entire 
surface area of the plate, in contrast to the peak stress approach outlined above.  
A biaxial stress correction factor is included in the integration because the 
stresses at a particular location on the surface are rarely both positive and equal.  
The factor is necessary to account for the probability of misalignment between 
the maximum principal stress and the surface flaw, and to include the effect of 
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the magnitude and sign of the other principal surface stress on probability of 
failure.       
 
2.3.4 Mechanical Properties of PVB 
 
PVB is the most common interlayer for laminated glass.  As previously described, 
PVB is viscoelastic and its mechanical properties are strongly time and 
temperature dependent.  The glass transition temperature of PVB is 21C, 
meaning that small variations from room temperature cause major differences in 
the mechanical properties such as the relaxation modulus.  Laminated glass is 
most commonly used on the inboard side of an insulated glazing unit, resulting in 
an expected temperature for in-service glazing that ranges from about 10C to 
70C.  Strain-rate effects, (i.e. time), have an effect on PVB’s mechanical 
properties that is similar to temperature.  The shear relaxation modulus, G(t), 
varies by four orders of magnitude from its glassy modulus of 0.472 GPa, at very 
short time spans or at low temperatures, to a rubbery modulus of only 302 kPa at 
long time durations of loading or at high temperature (Fig. 2.5). 
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Fig. 2.5 – Master Curve for Butacite PVB (from DuPont) 
 
The time and temperature dependant stiffness of PVB has been clearly 
established only at very small strains, (less than 1%) where a linear viscoelastic 
material model is appropriate.  The constitutive model for the linear viscoelastic 
regime is shown in Fig. 2.6.  Strains in the interlayer of un-fractured laminated 
glass generally fall within the linear viscoelastic regime, but can move into the 
nonlinear regime near the extreme range of loading.  Using Dynamic Mechanical 
Analysis (DMA), Dupont has determined eleven spring and dashpot constants 
that cover 18 decades of time (relaxation times vary from 3.26E-11 seconds to 
4.134E7 seconds).  Dupont also generated a master curve for Butacite® PVB 
that describes its creep behavior and stress relaxation modulus in the linear 
viscoelastic regime as a function of temperatures ranging between 10 to 50C, 
using the Williams-Landel-Ferry (WLF) shift factor20.   PVB is generally modeled 
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as an incompressible solid with a Poisson Ratio that ranges from 0.498 to 0.50 
for most load durations.   
 
 
 
Fig. 2.6.  Linear Viscoelastic Consitutive Model for PVB 
 
The linear viscoelastic behavior of PVB can be implemented into finite element 
models for purposes of modeling intact laminated glazing where PVB strains are 
relatively small.  In cases of very large glass deflection, or of glass fracture, the 
PVB experiences much larger strains.  At these strains the linear viscoelastic 
material model is inappropriate, because PVB will behave as a non-linear 
viscoelastic or viscoplastic material.  The literature contains limited information 
on PVB’s behavior outside of the linear viscoelastic regime, but researchers at 
DuPont are actively performing research on the large strain and high strain-rate 
behavior of PVB21.   
 
Kr – rubbery 
modulus 
(stiffness at 
infinite time, 
high 
temperature) 
K1 N1 K11 N11 
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DuPont generates its high strain-rate data on MTS equipment equipped with a 
hydraulic actuator capable of producing a maximum gripper velocity of 400 
inches per second.  This test equipment uses a “slack adapter” that allows the 
actuator to reach the desired velocity before engaging the gripper and specimen.  
The mass of the gripper is low in comparison to the actuator head in order to 
reduce inertial forces that cause deceleration of the actuator head from the 
desired velocity.  Stress and strain measurements are accomplished through the 
use of load cells on the actuator and a high speed optical extensometer that 
measures the entire strain field of the sample to create a full stress-strain curve.  
 
DuPont has performed high strain-rate testing on PVB over a full range of strains 
and at several strain-rates, as shown in Fig. 2.7.  At very low strain-rates, the 
stress-strain behavior appears characteristic of a rubber, with large non-linear 
elastic strains.  At the fastest strain-rates of 8 sec-1 and 89 sec-1, the PVB exhibits 
a marked transition in stiffness at low strains.  While this point appears to be a 
yield stress, it is actually a transition point in the nonlinear viscoelastic behavior 
of the material.  The PVB has not yielded because a specimen stretched beyond 
this transition point will exhibit nearly full recovery to original length.  Strain rate 
has a large effect on the stiffness of PVB prior to the transition point, and the 
stress level at which the transition occurs.   
 
There is currently no constitutive model to describe the strain-rate effects on the 
stress-strain behavior of the PVB.  Researchers at DuPont recommend selecting 
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an estimated strain-rate and interpolating between the experimental curves in 
Fig. 2.7 for finite element design where strains exceed the linear viscoelastic 
regime.   However, the currently published data does not describe PVB’s 
behavior at strain-rates that occur during a blast event, which may approach 
400/sec.   Also, the effect of temperature on the stress-strain curve outside of the 
linear viscoelastic regime has not been documented.  The large strain, time and 
temperature dependent response of PVB could be modeled using a more 
advanced constitutive model.  During the last few years, significant progress has 
been made into understanding the underlying micromechanisms controlling the 
deformation characteristics of the polymer, and how to incorporate the observed 
behavior into general purpose material models suitable for finite element (FE) 
modeling22,23 .  The use of a more advanced constitutive model has not been 
documented in the literature, and its calibration would require significant 
experimental effort.   
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Fig. 2.7 – Stress-strain curves for PVB (from DuPont) 
 
2.3.5 Mechanical Properties of Structural Silicone Sealants 
 
Structural silicone sealants are elastomeric polymers that have only a very small 
viscoelastic component of their overall response.  The influence of time and 
temperature on the mechanical properties of silicone sealants are therefore much 
less severe compared to PVB.  This is due to different viscoelastic characteristics 
and glass transition temperatures.  The glass transition temperature (Tg) of PVB 
is close to room temperature (20°C), while Tg of the primary polymer used in 
structural silicone sealant is approximately -120°C24.  At room temperature the 
PVB is in the central region of the “leathery” range and its stress-response is 
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strongly time-dependant, whereas the silicone sealant is well into its rubbery 
range and it exhibits insignificant viscoelastic flow during a typical blast event.   
Manufacturer’s studies show a minimal effect of extreme temperature changes 
on silicone sealants.  It is reasonable to expect that changes in temperature will 
have a large effect on the behavior of PVB under blast loading, but a relatively 
minor effect on the SSG sealant.    
 
Determining appropriate material properties for silicone sealant joints is 
challenging.  Material properties obtained from testing the bulk material will lead 
to erroneous results.  Rather, joints should be tested and material properties for a 
specific joint configuration back-calculated.  The difference in behavior between 
bulk material and joints is caused by an increase in the crosslink density near 
adherends.  Also, sealant manufacturers generally publish only an initial modulus 
that corresponds to stiffness over a very narrow range of strain.  The literature 
contains one study that documents the hyperelastic stress-strain curve of 
structural silicone sealant joints, but the study was conducted on sealants that 
are no longer in widespread use25.  The study illustrates some important aspects 
of structural silicone sealant behavior.  Structural silicone sealant joints are not 
only more compliant, but also have higher ultimate strength in shear compared to 
tension, which allows them to resist in-plane deformations caused by the glass 
without tearing under blast loading. In Chapter 3, data from Dupont is used to 
define the behavior of Dow Corning DC-995 sealant (this data is unpublished as 
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it was performed for DuPont’s own laminated glass research and development 
program).   
 
2.4   Prior Research on Post-fracture Behavior of Laminated Glass  
 
Several aspects of post-fracture behavior of laminated glass, almost none of 
which have been investigated, are important in the design of blast resistant 
glazing systems.  Before discussing post-fracture behavior of laminated glass, it 
is first important to differentiate between fracture patterns caused by various 
types of loading.  Blast loading causes a far denser and more uniform fracture 
pattern in laminated glass than is caused by other types of loading.    This 
phenomenon of nearly instantaneous formation of a very dense and relatively 
uniformly distributed glass fracture pattern is known as crazing.  Crazing is 
somewhat similar in nature to the fracture pattern caused by residual stresses in 
fully tempered glass (Fig. 2.8).  The phenomenon of crazing has been attributed 
to the more uniform state of stress caused by excitation of higher mode shapes 
in the glazing during blast loading compared to the statically deformed shape26.   
This theory explains the nearly instantaneous appearance of the fracture pattern 
as a release of the strain energy that was stored in a manner distributed 
throughout the glass because of the short wavelengths of the higher modes.   
Crazing is used as the basis for the fundamental assumption of post-fracture 
analysis; at the onset of first crack, the laminate undergoes a transition from plate 
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bending to membrane deformation with immediate and total dissipation of all 
strain energy stored in the glass.    
 
Swiss researchers studied fractured laminated glass plates in four-point bending.  
In their studies of the bending rigidity of fractured tempered glass, which has a 
fracture pattern similar to crazed glass, they found that fractured tempered glass 
has almost no flexural strength immediately after fracture occurs27. While it 
appears then also reasonable to assume that crazed annealed glass has 
negligible flexural strength, the uniformity of the fracture pattern and the size of 
fragments in crazed glass has not been documented.    
 
 
 
Before After 
 
Fig. 2.8: Crazed Laminated Glass Caused by Blast Loading (from AFRL) 
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The literature does not contain any attempt to model the influence of glass 
fragments on the behavior of a PVB membrane.  Daimler-Chrysler modeled small 
missile-impact on a PVB membrane using the properties of an elastomer, but 
they did not attempt to predict ultimate strength of the membrane, nor did they 
include post-fracture effects of glass on the fractured laminate.  They also stated 
that the assumption to neglect the viscoelastic response of PVB was 
unsatisfactory28.  Researchers at Carnegie Mellon University developed models 
for post-fracture analysis of laminated glazing, but these models were developed 
for cases of impact where remaining flexural strength is significant, and the 
fracture pattern is highly non-uniform29.  These studies are therefore very 
applicable to blast loading.  They also simplified the problem by analyzing a 
system consisting of PVB applied to one ply of glass, rather than two plies, as 
occurs in laminated glass. 
 
Researchers at TTU examined the post-fracture behavior of laminated glass 
under extreme wind loading in order to determine the hurricane resistance of 
fractured laminated glass30.  However, these studies were empirical in nature, 
and consisted of cyclic application of loads, rather than monotonic loading.  No 
model for post-fracture behavior was included in the study.   Data acquired under 
wind loading is not at all applicable to blast-resistant glazing systems because it 
would induce much lower strain rates in the interlayer.  Because of the previously 
discussed properties of PVB, the interlayer would be much stiffer in response to 
high strain-rate blast loading than to wind loading.    
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Researchers in the UK fit the empirical results of blast tests to the resistance 
function of an elastic membrane subjected to lateral loading as a means of 
predicting post-fracture behavior.  The empirical results are particular to 
situations which correspond to the combination of variables tested.  They do not 
provide insight into various failure modes of glazing so they cannot be used to 
predict ultimate strength of glazing.  Furthermore, the studies use of linear 
resistance functions crudely approximates the finite-strain behavior of the 
PVB/fractured glass laminate, which is highly nonlinear. 
 
2.5 Existing Blast-Resistant Glazing System Design Guidelines 
 
2.5.1 Laminated Glass 
 
The current approach to design of BRGS is based on predicting the size of 
displaced glass fragments and the distance they would be propelled into the 
building, which depends on the velocity of the glazing at first-crack.  Glass 
fragments generally adhere very well to PVB, until large post-fracture membrane 
strains occur.  Debonding can to some extent be predicted by empirical results or 
by relationships to center velocity at first crack.  Blast-resistant laminated glass 
selection is currently accomplished using either an empirical approach or first 
crack prediction techniques based on the research in Sec. 2.3 and 2.4.   
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In the empirical approach, designers use empirically based charts contained in 
ASTM F224831,32 or provided by interlayer manufacturers to select an 
appropriate blast-resistant glazing thickness based on fragmentation hazard 
criteria.  These charts were developed from a large database of actual blast 
tests. The empirical approach generally results in conservative design, and is 
only applicable to glazing that is comparable to previously tested configurations.   
 
First-crack prediction techniques, such as HAZL and WINGARD PE use a 
simplified analytical model to predict the dynamic response of glazing33.  These 
programs perform a piecewise dynamic analysis using the nonlinear differential 
equations of motion of a single degree of freedom (SDOF) equivalent system.  
They use stiffness resistance functions for the laminated glass developed from 
Moore’s database of finite element modeling results of monolithic glass plates of 
various shapes and thickness subjected to static loads.   The static load 
database resistant functions are for monolithic glass, so HAZL uses strength 
factors of 0.75 and 1.0, above and below room temperature, respectively, to 
produce results for laminated glass.  Once the center deflection is calculated, 
HAZL uses the database of finite element results to determine a peak maximum 
principal stress, again based on the statically deflected shape.  It then calculates 
a probability of failure based on the normal distribution of glass strength 
discussed previously.    
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Fragmentation hazard assessment is based on the velocity of the center of the 
plate at predicted first crack.  A preliminary validation study comparing blast test 
data to HAZL results indicates that it produces reasonably accurate results34.  As 
discussed in the previous chapter, simplifying assumptions of the SDOF 
analytical model have the potential to diminish the accuracy of results. 
 
2.5.2 Structural Silicone Glazing Sealant Joint Design  
 
Structural silicone glazing (SSG) sealant joints are used to attach the laminated 
glazing to the frame of blast-resistant glazing systems.  The intent of the sealants 
is to retain the fractured glazing in the frame after it fractures.  Sealant joint 
failures have the potential to be lethal because they allow nearly whole pieces of 
glazing to be projected into the building, a hazard that exceeds that of not using a 
blast-resistant glazing system at all.   The design of silicone sealant joints for 
blast-resistant glazing systems is currently performed using empirical guidelines.   
 
Sealant joints for blast-resistant glazing are currently designed on a rule-of-
thumb basis that appears to produce acceptable results under standard 
conditions and in the safe working range of the laminated glass at room 
temperature, but that may not adequately retain the glazing under loads that 
approach the ultimate strength of the glazing or at low temperature.  ASTM F-
2248 recommends the use of an SSG joint with a width equal to the thickness of 
the glazing to which it adheres26.  Small tears in SSG joints noted under blast 
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loading performed during the development of ASTM F2248 charts suggest that 
conventionally designed SSG joints are adequate at blast loads below the 
fragmentation hazard criteria, but may not be appropriate for blast loads that 
approach the ultimate strength of the glazing or at conditions below room 
temperature when the PVB stiffens.  It is widely known that laminated glass 
fabricated with an Ionoplast interlayer that is stiffer than PVB at room 
temperature requires special anchorage to the window frame because SSG 
sealant is not strong enough to retain it in the frame.  This suggests that PVB 
stiffened by low temperatures may also overload SSG sealants under blast 
loading. The literature does not contain any reports of blast tests conducted on 
BRGS below room temperature.   
 
An alternate approach to the ASTM F2248 sealant joint design approach is to 
match the design strength of the SSG sealant joint to the ultimate tensile strength 
of the interlayer35.  This approach seems logical, but neglects the stiffening 
contribution of the glass fragments, which could overload sealants.  Also, it 
requires greater knowledge of an appropriate tensile strength of PVB, given its 
temperature and rate-dependant properties.   
 
2.5.3 Framing  
 
ASTM F2248 recommends designing framing to withstand blast loading with 
deflections of less than L/175.  FE modeling or simplified analytical models can 
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be used to calculate dynamic loading of the framing from intact glazing.  In the 
absence of knowledge of laminated glass’ post-fracture behavior, however, 
framing connections and anchors are generally over-designed.  In the case of 
cutting edge blast-resistant glazing systems, blast testing is conducted to 
evaluate the appropriateness of framing designs.  There has been much recent 
discussion of the use of flexible framing in curtain wall systems.  This method is 
used to increase the fundamental period of the system, which diminishes the 
dynamic response.  Because fundamental knowledge of component behavior 
has not yet evolved, this topic has been studied only empirically.    
 
2.6 Research Needs for Blast Resistant Glazing Systems not Addressed by 
the Thesis 
 
There are several important areas of research that are beyond the scope of this 
thesis. The existing design guidelines for laminated glazing are based on 
fragmentation criteria.  Ultimate strength, on the other hand, is defined as the 
load which causes significant breaching of the glazed opening.  Ultimate strength 
for common configurations of PVB laminated glass generally occurs as a result of 
post-fracture tears in the membrane, but it can also be caused by failure of 
sealant joints, anchors, or framing. Improving the ultimate strength of BRGS 
protects occupants by mitigating the hazards of displacement of relatively large 
glass fragments and exposure to shrapnel and debris.  There are currently no 
design tools available for predicting post-fracture tearing of laminated glass, 
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although researchers at DuPont and at the US Army Engineer Research and 
Development Center are actively working on this topic.    Such methods would 
provide designers with a means of evaluating the size of a bomb that produces a 
catastrophic failure of the BRGS, as opposed to current fragmentation hazard 
criteria.  Another goal of future research should be to determine the post fracture 
stiffness of laminated glass, in order to better design framing and sealants.   
 
The first step in predicting ultimate strength or determining post-fracture glass 
stiffness is to overcome current knowledge gaps of the post-fracture behavior of 
laminated glass.  This requires, as a starting point, an understanding of the 
progression of cracking after the onset of the first-crack.  This knowledge is the 
key to determining the validity of the assumption that strain energy stored in the 
glass prior to first-crack is dissipated in forming new surfaces and in localized 
deformations of the interlayer. Secondly, the characteristic size and density of 
glass fragments should be determined because it affects the axial stiffness of the 
fractured membrane.  This property is important in assessing the loads on 
framing, anchors, and structural silicone sealant joints. 
 
In order to understand the mechanics of post-fracture behavior, knowledge of the 
rate dependant large-strain behavior and surface traction separation behavior of 
PVB must be obtained.  The mechanics of the fragment-interlayer interactions 
are highly complex, as they involve rate dependant material properties, a large 
statistical variation in possible fragment sizes, crack lengths, and crack 
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alignments on both plies.  Predicting rupture of the PVB (i.e. initiation of 
membrane tears) is particularly challenging.  As the fragmented membrane is 
stretched, large localized strains occur in ligaments of the interlayer between 
fragments.  Large shear forces at the interface between the glass and the 
fragment can cause debonding of the glass fragments.  These shear forces are 
related to the magnitude of the axial stress, which is highly rate-dependent 
because of PVB’s viscoelastic properties.  The surface traction separation laws 
that govern debonding of the PVB from the fragment are also rate-dependant.  
To complicate matters, the ligament and fragment geometry are both functions of 
the non-uniform three dimensional fracture patterns of both plies of glass.      
 
The literature does not address the influence of temperature on post-fracture 
performance of laminated glazing.  As discussed previously, intact laminated 
glazing is known to undergo a decrease in structural strength above room 
temperature5.  Temperature can be expected to play an even more important role 
in the performance of fractured glazing, because the behavior of the membrane 
is determined almost entirely by the properties of the PVB.  Temperature may 
have an important influence on post-fracture behavior of laminated glazing, on 
loads transferred to the sealant joints and framing, and on the overall energy 
dissipating capacity of blast-resistant glazing systems.   
 
Finally, the shear strength of structural silicone sealant joints should be studied.  
Combined with knowledge of post-fracture stiffness of laminated glass, this would 
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allow better and safer design of sealant joints used to adhere the glazing to the 
frame. 
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Chapter 3 – Blast-Resistant Glazing Modeling and Analysis Techniques 
 
This chapter explains the models, assumptions, and analysis techniques used in 
this study.   In Section 3.1, the qualitative behavior of an idealized model of a 
blast-resistant glazing system is introduced, along with a description of blast 
loading parameters, and important assumptions about how plates will be 
modeled.  Sec. 3.2 describes the materials, geometry, loading and boundary 
conditions of the finite element models that are used in the study, whereas Sec. 
3.3 provides an overview of the solution techniques and finite element analysis 
procedures.  Sec. 3.4 contains a convergence study that includes comparison of 
results with prior research, with the intent of selecting an optimal glass plate 
mesh for use in the following chapters.  Finally, in Sec. 3.5, two methods for 
analyzing modeling results are described.  The first technique is a simplified 
approach that consists of examining peak tensile stresses on the glass surfaces 
and comparing them to an assumed normal distribution of ultimate glass 
strength.  The second technique is a more comprehensive approach to 
estimating probability of failure that includes more variables and knowledge of 
the stress-state at all points on the glass surface.  A discretized version of the 
Beason and Morgan model that is suitable for analysis of FE results is presented. 
 
3.1  Behavior of Glass Subjected to Blast-Loading   
 
3.1.1 Response of Blast-Resistant Glazing System to Blast Loading 
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In the following two chapters, the behavior of blast-resistant glazing systems up 
to the point at which first-crack occurs is examined.  To assist the reader in 
understanding the results of these chapters, this section describes the behavior 
of glass subjected to blast in the context of an idealized version of a blast-
resistant glazing system, which is the basis of the finite element models in this 
study (refer to Fig. 3.1).  The three-dimensional idealization consists of a laterally 
loaded monolithic rectangular glass plate supported on four sides by structural 
silicone glazing sealant.  In reality the glazing would consist of laminated glass, 
but in this study the behavior of monolithic glazing was examined for the reasons 
described in Sec. 3.1.3.  The sealant, a rubbery polymer, with a thickness of 
approximately half the glass thickness is adhered on one side to the glass and 
the other side is fixed in translation and rotation, under the assumption that the 
frame is rigid.  The bond between the glass and the silicone sealant bead is 
assumed to remain fully adhered.  The sealant is several orders of magnitude 
more compliant than the glazing.  This configuration results in glass edges that 
can translate and rotate in all directions under a lateral load, which causes the 
silicone sealant to deform.     
 
 
Fig. 3.1 –Section Through Idealized Model of Glazing Subjected to Blast Loading 
SSG Joints (on all 4 edges) 
Thin Glass Plate 
SSG is fixed to 
rigid support 
Uniformly distributed load from air blast 
(from exterior side) 
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The blast load is represented by a uniformly distributed linearly decaying 
(triangular) step pressure-time relationship, with no negative phase (refer to Fig. 
3.2).  Blast-loading induces a dynamic response in the glass, which is dominated 
by the fundamental mode of vibration.  The load-deflection response of thin-glass 
plates is non-linear because of the previously mentioned geometric effects.  This 
nonlinear geometric effect causes stiffening of the glass plate as deflection 
increases.  Special finite element procedures are required to deal with the 
geometric nonlinearity, as described in Sec. 3.3.  At lower intensity loads, where 
center of glass deflection is less than half the glass thickness, the load-deflection 
response is governed by bending stresses, with peak maximum principal stress 
occurring in the middle of the plate.  As load intensity increases, the influence of 
membrane stresses becomes more important than bending stresses, and the 
deflected shape changes.  Plate corners start to “uplift”, or move towards the 
direction of the applied load.  Relatively large curvature occurs in the corner 
region with the result that peak maximum principal stresses shift from the middle 
to the corner of the plates.  As deflection increases, the stress-state will 
eventually result in glass-breakage as predicted by the methods described in 
Sec. 3.5.  
 
3.1.2 Blast Loading 
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As discussed briefly in Chapter 2, the idealized reflected pressure time curve 
represents the loading of the exterior of the building, and is dependant on a 
bomb’s yield (W) and standoff distance (R).  Fig. 3.2 shows an idealized blast 
load and its pertinent parameters.  Fig. 3.3 is an empirical chart developed by the 
U.S. Army that was used to select parameters for the blast loads used in Chapter 
4. 
 
 
 
 
 
 
 
 
Fig. 3.2 – Idealized Blast Wave Parameters 
to 
Pr 
ir=1/2(Pr x to) 
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Fig. 3.3 – Blast Wave Parameters From TM5-855 
 
It is important to understand how a blast wave’s parameters change with yield 
and standoff distance because these changes have an important impact on the 
dynamic response investigated in Chapter 5.  As distance from the bomb 
increases, the static pressure decays as the shock wave moves through the air.  
However, the duration of the positive phase increases.  The reflected impulse, 
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which is a function of both the reflected pressure and the positive phase duration, 
and is a measure of energy associated with the blast wave, also decreases with 
distance from the bomb.  The changes in blast wave parameters with distance 
from a bomb are illustrated in Fig. 3.4.   
 
 
 
Pr1>Pr2    ;   t01  < t02      ;      ir1> ir2 
 
Fig. 3.4: Changes in Blast Wave Parameters with Distance from the Charge 
 
3.1.3 Major Modeling Assumptions 
 
A major assumption, which is used in Chapter 4, and is investigated in Chapter 5, 
is that the deflected shape of the glazing under extreme static loading 
approximates the deflected shape under blast loading.  This approximation, 
which is commonly used in the blast design community, in essence assumes that 
R 
R2 
R1 
t 
Pr Pr Location 1 Location 2 
t01 
 
t02 
t
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the fundamental mode of vibration is the statically deflected shape, and that it 
dominates the dynamic response to blast loading. 
 
The second major assumption is that the behavior of monolithic glass under blast 
loading is similar to the behavior of laminated glass.   This assumption was made 
in order to simplify the problem and to isolate the topics of interest.  This 
assumption oversimplifies the problem insofar as accurate analyses of stresses 
in laminated glass plates are concerned.  However, the intent of this study is to 
examine the effect of boundary conditions and higher mode shapes on glazing 
performance.  The behavior of laminated glass is similar enough to those of 
monolithic glass plates that the results of this study can be extrapolated to 
laminated glass.  This is particularly true for loads of short duration (i.e. blast) in 
which stress relaxation in the interlayer has a minimal effect on structural 
performance, as described in Chapter 2. 
 
Two other assumptions relate to the behavior of the frame and sealant 
components of the blast-resistant glazing system.   The frame is assumed to be 
rigid, and therefore can be excluded from the analysis and replaced by a fixed 
support.  This assumption is in widespread use and is appropriate for the type of 
blast-resistant glazing systems that are commonly used in buildings.  The next 
assumption is that the glazing sealant does not fail before the glass.  This 
assumption is justified by much empirical evidence26.   
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3.2 FE Model description 
 
3.2.1 Geometry 
 
Two sets of finite element models were used in this study.  The models labeled 
as SSG include structural glazing sealant at the plate edges, whereas models 
labeled SS represent simply supported glass plates.  Both sets of models were 
used in Chapter 4, but only the SS models were used in Chapter 5, for reasons 
described later.  The two sets of models have identical geometry as described in 
Table 3.1.   Plates with aspect ratios (AR) of 1 and 2 were used in the study.  
These two aspect ratios were used because they correspond to commonly used 
glass shapes in buildings and it was desired to investigate how the response of 
square versus rectangular plates differs.  The dimensions of the glass plates are 
representative of typical window sizes and thickness in buildings.   
 
Table 3.1– Plate Models 
 
Name Aspect Ratio Short Side Length Thickness 
AR1_SS (or SSG) 1 1.5m .01267m (1/2 in.) 
AR2_SS (or SSG) 2 1.5m .01267m (1/2 in.) 
 
The SSG models include a bead of sealant on the inboard side of all glass edges 
that is sized per ASTM F224831 as 0.01267m wide by 0.0063 m thick (Fig 3.5).  
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As described in Chapter 2, the purpose of this sealant is to retain glazing in the 
frame after the glass fractures.   
 
Fig. 3.5: Structural silicone sealant geometry at corner (glass not shown) 
 
3.2.2 Loading 
 
In Chapter 4, static loads were used, whereas in Chapter 5 the loads were 
dynamic.  Dynamic load durations are discussed in Chapter 5 as their selection 
was an iterative process that depended on modeling results.  In all cases, the 
load consists of a uniformly distributed pressure load.  The static models used in 
Chapter 4 were loaded at multiple increments of load magnitude, after each of 
which results were processed (using procedures in Sec. 3.5).  The intent of the 
static loading scheme is that the upper and lower bounds of the load range 
correspond to blast loads that would induce a probability of failure ranging from 
very low to very high, with increments that provide appropriate resolution to 
describe plate behavior. 
0.01267 m (1/2 in.) 
0.0063 m (1/4 in.) 
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Table 3.3 Loading for Chapter 4 
 
Aspect Ratio Min. Load Max. Load Increment between 
Min. and Max. 
AR1 2 kPa 24 kPa 1 kPa 
AR2 2 kPa 12 kPa 1 kPa 
 
 
3.2.3 Materials 
 
Material models for glass and the structural silicone sealant were required for the 
SSG models.  Only a glass material model was required for the SS models.  The 
glass was modeled as an elastic material with a Young’s Modulus of 72 GPa, 
and a Poisson’s Ratio of 0.22.  The stress-strain curve for glass is assumed to be 
completely linear (i.e. the glass has no plasticity).  The material model contains 
no ultimate stress for glass.  Instead, the stress output was used in a computer 
program that computed a probability of failure (refer to Sec. 3.5). 
 
A hyperelastic material model was used for the structural silicone sealant.  The 
finite element results’ accuracy depends on the choice of an appropriate 
constitutive model for the sealant, and on proper input data for the model 
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coefficients.  The Arruda-Boyce model36 was selected on the basis of prior 
research that found favorable comparison between uniaxial test data for Dow 
Corning DC-995 sealant with the model’s predicted behavior37.   
 
The Arruda-Boyce model, also known as the 8-chain model, is a physically based 
phenomenological constitutive model for the nonlinear elastic behavior of 
elastomeric polymers.  The model attempts to describe the polymer behavior as 
that of an amorphous isotropic solid.  It is called an eight-chain model because it 
was developed by starting from a representative volumetric element with eight 
chains emanating from the center to each corner.   The model uses the strain 
energy potential, U, rather than a Young’s modulus and Poisson Ratio to relate 
stresses to strains.  The model is presented as follows: 
( ) 25 12 2
1
113 ln
2
i ii el
eli
i m
C JU I J
D
µ λ −=
⎛ ⎞−= − + −⎜ ⎟⎝ ⎠∑  (eq. 3.2.1) 
The initial shear modulus (shear modulus at very low strain), 0µ , is related to µ  
as follows: 
0 2 4 6 8
3 99 513 420391
5 175 875 67375m m m m
µ µ λ λ λ λ
⎛ ⎞= + + + +⎜ ⎟⎝ ⎠                      (eq. 3.2.2) 
 
mλ is referred to as the locking stretch and corresponds to the point on the stress 
strain curve at which a significant rise in slope occurs.  I1 and I2 are the first and 
second deviatoric strain invariants and Jel is the elastic volume ratio.  
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These models typically perform best when they are calibrated using test data 
from several stress-states.  In this case model parameters were obtained from 
DuPont.  They used only uniaxial tensile test data to calibrate the model.  
However, since the primary concern in Chapter 4 is the effect of the boundary 
conditions on the glass, rather than a thorough analysis of the stresses in the 
sealant, the potential inaccuracies related to the calibration of the material model 
were deemed acceptable.  A value of 2.16 was used for mλ , and of 0.242695 MPa 
was used for 0µ .  Since incompressibility is assumed, a value of zero was used 
for D.  Fig. 3.6 shows the agreement between actual and model predicted 
behavior (courtesy of DuPont).  The material model did not contain an ultimate 
stress as the silicone is assumed not to fail before the glass.   
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Fig. 3.6: Comparison of Test Data vs. Arruda-Boyce Model 
Predicted Uniaxial Behavior (courtesy of DuPont) 
 
3.2.4 Boundary Conditions and Constraints 
 
In all of the models, symmetry conditions were used to model one quarter, rather 
than the entire plate.   The boundary conditions for the SS Plate models are 
standard simply supported conditions (i.e. edges free to translate-in plane and to 
rotate, but not to translate laterally) as shown in Fig. 3.7.  The boundary 
conditions for the SSG Plate models are similar, except that the outer edges of 
the plate are tied to translate and rotate with the outboard sealant surface.  The 
  
61 
inboard sealant surface is fixed (Fig. 3.8).  The bond between the inner surface 
of the glass plate and the outboard edge of the sealant in the SSG models is 
achieved with a tie constraint.    The tie constraint allows nodes at the sealant 
surface and nodes on the glass surface to move, but allows no relative rotation or 
translation between these constrained nodes. 
 
Fig. 3.7 – SS Model Boundary Conditions (simply supported edges) 
 
Supporting Edge - 3y =0 
Symmetry BC Edge 
2θ =0, 1y =0 
Symmetry BC Edge 
1θ =0, 2y =0 
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Fig. 3.8: SSG Plate model boundary conditions with silicone sealant joints 
(viewed from inboard side). 
 
3.3 FE Analysis Element Types & Solution Techniques 
 
Several aspects of nonlinear behavior of blast-resistant glazing systems must be 
addressed in the finite element analysis.  First, geometric effects cause the load-
deflection response of glass plates to become nonlinear once center deflections 
exceed approximately one half of the plate thickness as discussed previously.  
Also, the silicone sealant exhibits nonlinear elastic behavior and its highly 
compliant nature requires finite strain formulation.  The analysis requires non-
Inboard Sealant  
Surface Fixed – 
θ  and y = 0 for 
directions 1,2,3. 
Symmetry BC Edge 
2θ =0, 1y =0 
Sec.: Supporting Edge Detail 
SSG 
Glass 
Tie Constraint – 
glass surface and 
SSG surface tied 
together along 
interface 
Supporting Edge Detail 
(see Sec.) 
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linear analysis solution techniques with a finite-strain formulation for the glass 
and the sealant elements.   
 
3.3.1 Element Types 
 
Two different element types were used in this study; four node reduced 
integration elements (S4R) were used to model the glass, and eight node hybrid 
continuum elements (C3D8H) were used for the sealant.  For the glass, reduced 
integration elements were desirable because computation time for the probability 
of failure calculations described in Sec. 3.5 are dependent on the number of 
integration points in the FE model.  The S4R are first-order elements, meaning 
that they use linear displacement interpolation functions.  These reduced 
integration elements are susceptible to hour-glassing but this phenomenon is not 
problematic with a sufficiently fine mesh.  In order to optimize the mesh, 
extensive comparisons were made to prior results, as presented in Sec. 3.4.  The 
shell elements contain five integration points through the thickness of the 
element.  Since glass failure is caused by tensile stresses on the glass surface, 
only the results of the two outer integration points (inboard and outboard surface 
of the glass) are pertinent to the study.     
 
Eight node continuum elements were used to model the sealant joints.  Because 
of the incompressible nature of the sealant material, a hybrid formulation was 
used (ABAQUS C3D8H). Special element formulations are required because the 
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incompressible nature of the silicone sealant is susceptible to volumetric locking.  
The equilibrium solution cannot be obtained in terms of the displacement history 
alone where incompressible materials are used because a hydrostatic pressure 
can be introduced without changing the displacements.  Hybrid elements use an 
interpolation function of the hydrostatic pressure (involving an additional variable) 
that is independent from the nodal displacement interpolation functions.  The two 
are related through constitutive theory and a compatibility assumption.  
 
 The finite-strain element formulations used in this study are very complex and 
their derivation quite lengthy.  The reader is referred to Section 3.6.3 and 3.6.5 of 
the ABAQUS Theory Manual for the finite strain shell and hybrid continuum 
element formulations, respectively38:     
 
3.3.2 Solution Techniques for Chapter 4 models (Implicit Integration) 
 
The static models presented in Chapter 4 were processed with ABAQUS 
Standard, which uses an implicit solution technique (Newton-Raphson method).  
The nonlinear analysis procedure is essentially a piecewise linear procedure.  
The load is applied in a series of increments, and the finite element equations are 
solved at each increment through iteration.  A solution at each increment is found 
once the iterations have satisfied the equilibrium equations to a reasonable 
degree.  The process is presented conceptually in Fig 3.9: 
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Fig. 3.9: Conceptual Representation of Nonlinear Analysis Solution Technique  
 
When nonlinear behavior is present, ABAQUS iterates to calculate a new 
stiffness, Ka, at the start of each increment, and a corresponding displacement, 
Ua.  The force residual, Ra, is the difference between P, the applied load, and Ia.  
When Ra is found to be less than a tolerance value of 0.5% of the average force 
at each node, the solution increment is assumed to have converged.  ABAQUS 
also checks that the difference between U0 and Ua is small, because if highly 
nonlinear behavior (i.e. plasticity) has occurred, a smaller load increment is 
required. 
 
In practice, this means that the stiffness matrix at the end of the previous 
increment serves as the stiffness matrix for the beginning of the next increment.  
The number of steps required to reach an accurate solution is dependant on the 
Displacement 
Load 
K0 
U0 
Ka 
Ua 
P
Ia
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nonlinearity and hence on the curvature of the plate.  In this study, the required 
number of steps reached a maximum of thirteen steps for the highest magnitude 
of static load used (24 kPa).     
 
3.3.3 Solution Technique for Chapter 5 models (Direct Integration) 
 
Explicit time integration (central-difference method) was used to solve the 
dynamic models of Chapter 5.   This solution technique requires no iteration 
because the finite element equations are calculated from quantities know at the 
beginning of each time step from the previous step’s solution.  The method is 
unconditionally stable, and therefore requires very small time steps, which are 
determined by the smallest time required for a stress-wave to propagate across 
an element in the model.   The solution scheme is as follows: 
 
The finite element differential equations of motion are: 
MU KU R+ =&&  
(eq. 3.3-1) 
Where M is the Mass Matrix, K is the stiffness matrix, U is the displacement 
vector, and R is the load vector.  Using the following equations (for an undamped 
system), where the superscript /t t+ −∆  represents the steps before and after the 
current time increment, the equations of motion can be solved directly. 
2
1 ( 2 )t t t t t tU U U U
t
−∆ +∆= − +∆
&&  
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(eq. 3.3-2) 
2 2 2
1 2 1t t t t t tM U R K M U M U
t t t
+∆ −∆⎛ ⎞ ⎛ ⎞ ⎛ ⎞= − − −⎜ ⎟ ⎜ ⎟ ⎜ ⎟∆ ∆ ∆⎝ ⎠ ⎝ ⎠ ⎝ ⎠  
  (eq. 3.3-3) 
 
The time step required for this solution technique is governed by the smallest 
element of the model, although a uniform mesh was used in this study. The time 
step used in the FE model for the explicit integration was 1.97E-6 seconds.  This 
means that in the time required for the plate to reach its maximum response (as 
computed in Chapter 5), the finite element model proceeds through roughly 8600 
time steps.   However, since iteration is not required, solution of the dynamic 
analyses was performed in about two orders of magnitude longer than for the 
static models. 
 
3.4   Convergence Study and Comparison with Prior Results for Plates 
 
As mentioned previously, mesh optimization is required to ensure that the mesh 
is sufficiently fine to limit shell element hour-glassing, but coarse enough to allow 
post-processing of results using the probability of failure model presented in Sec. 
3.5.  The convergence study was based on the results of several mesh densities 
applied to plate AR1_SS with a static pressure of 24 kPa.  The 200 division 
model results were taken as a benchmark that approximates the exact solution.   
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Several approaches were taken as criteria by which to judge the optimal mesh.  
First, a 200 division (40,000 elements) model was run and used as a benchmark 
that approximates the exact solution.   Strain energies were compared to this 
benchmark value in Table 3.4.1.  Error |E-Eh|, in terms of strain energy, consists 
of the reference value of strain energy for the 200 division model (E) minus the 
strain energy obtained from the model under comparison (Eh).  Peak stresses 
are also provided in the table to show the extent to which stresses in the sub-
optimal meshes differ.   The exact strain energy reference value (E) from the 200 
division mesh was 66.62 Nm.  Based on these results, the convergence plot 
described below was developed.  These plots indicate that the 50 division mesh 
had effectively converged.  The results of the 50 division mesh runs were then 
compared to analytical results and to prior FE results to confirm that it was an 
optimal mesh.    
 
Table 3.4-1 Convergence Comparison – S4R Element 
 
Number of 
divisions in 
mesh per 
side of plate 
h - 
Element 
Length 
(m) 
Eh 
(newton 
meters) 
|E-Eh|* 
(newton 
meters) 
Largest Max. 
Principal 
Stress (Pa) 
30 .0254 66.44 0.19 6.549E7 
50 0.01524 66.55 0.07 6.619E7 
70 0.01089 66.59 0.03 6.47E7 
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80 0.009525 66.60 0.02 6.42E7 
100 0.00762 66.61 0.02 6.37E7 
200 0.00381 66.62 0 6.38E7 
 
3.4.1 Convergence Plot for Static FE Analysis of S.S. Plate 
 
Strain energies for the various models listed in Table 3.4.1 were exported from 
ABAQUS and used to create the following convergence plot.  Fig. 3.10 shows a 
plot of strain energy from the various mesh runs versus the inverse of element 
size.  Convergence can be assumed on the flat portion of the curve.  The plot 
shows that the 100 div. model has converged, and the 50 div. model is very close 
to convergence.   
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Fig.3.10: Strain Energy vs. Inverse Element Size for AR1_SS model  
 
3.4.2 Comparison with Analytical Results 
 
As an additional check on the 50 division mesh, the stress and deflections were 
compared to analytical values from a handbook.  Table 26 of Roarke’s Formulas 
for Stress and Strain39 presents the following formulas for plates with an aspect 
ratio of 1:1 where deflections are in the linear range (less than or equal to 3kPa 
load for the AR1_SS plate).  The formulas are for materials with a Poisson’s 
Ratio of 0.3, and expected error should not exceed 8% of the deflection or 15% 
of the stress for materials with lower Poisson’s Ratio (i.e. glass).  The range of 
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applicability of the handbook values is limited to the linear range of plate 
behavior, so the comparison was made at a low-intensity load (3 kPa).  The 
handbook values are from solutions to the partial differential equations of plate 
bending using the classical finite difference approach.    
Simply Supported Plate: 
2
2
0.3078
b
pb
t
σ = ;   
4
3
0.0138pby
Et
=  
where p=pressure, b=side length, t=thickness 
 
Table 3.4.2-1 Comparison of FE and Analytical Results 
 
  
Analytical 
Result - 
Bending 
Stress 
4 node, 
50 
division 
FE result 
- Bending 
Stress 
% error 
-
bending 
stress 
Analytical 
Result - 
Center 
deflection 
Nine 
node, 30 
division 
FE result 
-Center 
Deflection 
% error - 
deflection
AR1_SS 1.24E+07 1.203E+07 1.0% 0.004871923 0.005087 4.2%
 
 
The FE results correspond well to the analytical solutions, given that some error 
is expected because glass has a Poisson’s Ratio of 0.21 rather than 0.30.  Given 
this error, the current FE models can be assumed to predict stresses more 
accurately than the analytical solution contained in the handbook.  This 
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comparison serves as an additional check on the accuracy of the 50 division 
mesh. 
 
3.4.3 Comparison with Results of Prior FE Studies 
 
Comparison with prior results is the best way to judge the accuracy of the current 
models.   The comparison with prior results was performed on two plates (the 
AR1_SS and the AR2_SS plates) over loads ranging from 3 kPa to 72 kPa.  At 
loads above 24 kPa and 12kPa, for the AR1 and AR2 plates, respectively, the 
probability of plate failure is essentially one.  However, larger magnitude loads 
were included in the comparison to ensure that shell element hour-glassing was 
not a problem.    Plate AR1_SS had a 50 division mesh, and Plate AR2_SS had 
a 50 x 100 division mesh.   
 
Some background information on the prior studies used for comparison is 
required.  Moore’s study8, is useful because it was the first and most 
comprehensive FE study of glass plates.  As discussed in Chapter 2, it was 
based on a very coarse finite element mesh (64 elements), in comparison to the 
current mesh (2,500 elements for AR1SS).  Moore also developed expressions 
for non-dimensionalized load intensity factor, stress intensity factor, and 
deflection.  Because Moore’s model was so coarse, it underestimates stress by 
about 10% at higher loads in comparison to Beason’s later study33.  Beason did 
not present plots of center deflection vs. load so the current results of 
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displacement are compared to Moore’s (Fig. 3.11).  The results of stress are 
compared to Beason’s results because of the aforementioned inaccuracy of 
Moore’s stress results (Fig. 3.12).   All comparisons are performed in Moore’s 
non-dimensionalized format. 
 
The results show excellent agreement with Moore and Beason’s results for both 
plate aspect ratios.  Results in both cases are within 2%, and are probably more 
accurate than the prior results because finer meshes were used in the current 
study.  It should be noted that in Fig. 3.12 the plot of load intensity factor versus 
stress intensity factor is curved in the region in which the peak maximum 
principal stress is located in the middle of the plate.  Once the load is increased 
to the point at which the peak maximum principal stress migrates to the corner of 
the plate, the line becomes straight.  It is also interesting to note that the models 
of plates with an aspect ratio of two do not require as fine of a mesh as plates 
with an aspect ratio of one.  The behavior of plates with an aspect ratio of two is 
more dominated by bending than of plates with aspect ratio of one, which results 
in the highest magnitude stresses being located in the middle, rather than the 
corner region and diminishes the need for high stress resolution.   The results of 
the comparisons indicate that the selected meshes of 50 divisions for AR1_SS 
and 50 by 100 divisions for AR2_SS are accurate and may be used going 
forward. 
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Fig. 3.11: Comparison of Current and Prior Maximum Non-Dimensionalized 
Center Deflection Vs. Non Dimensionalized Load 
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Fig. 3.12  – Comparison of Current and Prior Non-Dimensionalized Peak 
Maximum Principal Stress Vs. Non-Dimensionalized Center Deflection 
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3.4.4 Sealant Mesh 
 
The mesh used for the sealant joint in the SSG models is shown in Fig. 3.13.  
This mesh has four divisions across its width and depth.  Along the length of the 
sealant joint the mesh is biased, with smaller elements near the corner for better 
stress resolution in regions of plate uplift.  For plate models with AR1, 120 length 
divisions where used, whereas 240 divisions were used for plates with AR2.   
The deformed shape of the sealant is shown in Fig. 3.14.  The mesh produced 
the characteristic deformation that would be expected for a sealant joint (i.e. 
compression near the middle of the edges, and extension near the corner).  The 
deformation pattern appeared smooth, indicating that volumetric locking did not 
appear to be problematic.  Since the stresses in the sealant are not of primary 
concern, but rather the sealant is included in the model to assess the effect of 
boundary conditions on the glazing performance, the mesh was deemed to be 
adequate.    
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Fig. 3.13 – Sealant Joint Mesh in SSG Models 
 
 
Fig. 3.14 – Deformed Shape of Sealant with Glazing Under Uniform Lateral Load 
(glass not shown) 
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3.5  – Methods for Estimating Probability of Failure (POF) Based on FE 
results 
 
A failure criterion for glass plates with which to process FE results is required for 
processing the modeling results in the following two chapters.  In this section two 
approaches to glass failure are presented.  The first approach, based on the 
peak maximum principal stress in the plate, is overly simplistic, and is only used 
for comparative purposes, and not to predict probability of failure.  It is presented 
solely because of its usefulness as a preliminary method of comparing modeling 
results.  The second method, the Beason and Morgan failure prediction model, 
requires extensive computational effort but provides a much better basis for 
comparison, and allows estimation of probability of glass failure.  In this Section, 
the two methods are introduced, a discretized version of the Beason and Morgan 
model is explained, and a computer program for implementing the FE results into 
the discretized Beason and Morgan model is presented.   
 
3.5.1 Peak Maximum Principal Stress as an Indicator of Probability of 
Failure  
 
As discussed previously, glass plate strength exhibits statistical variation 
because glass always fails in tension at Griffith flaws that have random size and 
distribution patterns on the surface of glass plates.  The peak maximum principal 
stress on the plate surface is often used as a very crude first approximation of 
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probability of failure, and as a basis for comparison between modeling results.  
The shortcoming of this approach is that the peak maximum principal stress is 
located at a discrete point on the plate surface, and does not consider the overall 
stress distribution throughout the plate that also influences probability of failure.  
The stress distribution over the entire surface is essential to predicting failure, 
because there is an infinitesimally small probability that a Griffith flaw is located 
at any one particular point on the plate’s surface, such as that point at which 
peak stress occurs.    However, the peak stress method is useful for comparing 
results between models, because a relatively high peak maximum principal 
stress is indicative of a relatively high distribution of maximum principal stresses 
throughout the plate surfaces, at least for plates with similar support conditions.   
 
3.5.2 Discretization of the Beason and Morgan Failure Prediction Model 
 
As discussed previously, the Beason and Morgan failure model outputs a 
probability of failure, given certain input variables (time duration of loading, size 
of plate, stress distribution on plate surfaces).   Probability of failure increases 
with time duration of loading because static fatigue causes cracks to grow.  An 
increase in plate size causes an increase in probability of failure because there is 
a greater likelihood of a critical flaw in a large plate, compared to a small plate.  
Finally, probability of failure increases with stress intensity because a failure 
occurs when stress reaches a threshold level at a critical flaw.   
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To evaluate the finite element results, a discretized version of the Beason and 
Morgan model was developed for implementation in a computer program.   The 
discretized Beason and Morgan failure model is presented with running 
commentary for explanatory purposes and to describe modifications required for 
appropriate treatment of blast loading. 
 
The model contains two experimentally determined parameters.  These 
parameters are called glass surface flaw parameters and are represented by the 
letters k and m.  Extensive test programs were used to determine the parameters 
for the development of ASTM E-13007.  For annealed weather glass the 
parameters are:  
 
 k = 2.86E-53 m12-N-7 
m = 7 
 
The Beason and Morgan model defines the probability of failure, fP , in terms of 
the risk function, B, as: 
1 BfP e
−= −     (Eq. 3.5-1a) 
where:     max[ ( , ) ( , , )]
m
Area
B k c x y q x y dAσ= ∫        (Eq. 3.5-2a) 
and: 
A         =  Plate’s surface area 
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 ( , )c x y    = Biaxial stress correction factor. 
max ( , , )q x yσ   =  Effective maximum principal stress. 
 
The discretized version of the Beason and Morgan model calculates fP , as: 
11
n
i
i
B
fP e =
−∑= −    (Eq. 3.5-1b) 
 
where:   max
1 1
[ ]
n n
m
i i i i
i i
B k c Aσ
= =
=∑ ∑   (Eq. 3.5-2b) 
 
and: 
n =  Number of integration points in the finite element model 
Ai  =  Tributary area surrounding each integration point. 
 
The discretized version of the Beason and Morgan model essentially calculates 
B, the risk function, by summing all of the integration point risk functions, Bi.   The 
integration point risk functions are calculated from the stresses and the tributary 
area surrounding each integration point in the finite element model.  In general, 
the elements need not have equal element areas.  In this study a uniform mesh 
was used to simplify computation.  In this study, four node reduced integration 
shell elements were used, which have only one element integration point per 
shell section thickness.  There is therefore only one Bi for each surface of each 
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element.  In other words there are two Bi’s for each element, one on each side of 
the plate.  For the fifty by fifty division model, there are 2500 elements, hence 
5000 Bi’s.    Under uniform lateral pressure, the simply supported plate is mainly 
in tension on the inboard side.  There are also, however, small regions of the 
plate in which the maximum principal stress on the outboard side is positive as 
well.  Overall, the contribution to the risk function from the inboard (tensile) side 
is an order of magnitude larger than the contribution from the outboard 
(compressive) side.  Contributions to the risk function from both sides of the plate 
were included in this study, although the contribution from the compressive side 
could likely have been safely ignored.   
 
The Beason & Morgan model described above requires a biaxial stress 
correction factor and an effective maximum principal stress.  The biaxial stress 
correction factor varies from zero to one.  It is equal to one in the case of 
equibiaxial tensile stress. In cases where there is non-equibiaxial tensile stress, 
such as in the models presented in this study, the biaxial stress correction factor 
is less than one in order to reflect the reduction in probability of failure caused by 
the probability of misalignment between the surface flaw normal and the direction 
of the maximum principal stress.  In case of biaxial compression, the stress 
correction factor is equal to zero.  The biaxial stress correction factor is 
calculated as: 
1
2 2
0
2 (cos sin )
m
mc N d
α
θ θ θ⎡ ⎤= +⎢ ⎥Π⎣ ⎦∫     (Eq. 3.5-3) 
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where: 
N   = ratio of minimum to maximum principal stress 
1 1tan | |
N
α − ⎡ ⎤= ⎢ ⎥⎣ ⎦  
In the discretized Beason and Morgan model, calculation of ci is identical to the 
formula presented in Eq. 3.3, with N replaced by Ni (the ratio of the minimum to 
maximum principal stress at the integration point).    
 
Finally, calculation of effective maximum principal stress is required.  The 
effective maximum principal stress is a corrected value of stress that reflects the 
extent to which the probability of glass failure increases with time under constant 
stress (static fatigue).  This process converts the maximum principal stress to an 
equivalent value for the industry standard sixty second load duration.  The 
correction allows standard k and m surface flaw parameter values to be used 
without adjustment for loads of non-standard duration.  Data for static fatigue 
corrections is established for load durations ranging from three seconds to a 
month, but there is a serious lack of data relating to the dynamic strength of glass 
under very short duration loads such as blast, which may end in a matter of 
milliseconds.   In the absence of reliable data, and since it is reasonable to 
assume that the influence of static fatigue diminishes at very short time spans, a 
load duration of one second was used for all calculations of effective maximum 
principal stress.  This modification to the Beason & Morgan model was judged to 
be reasonable by one of the author’s of the model himself19.  The one second 
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duration is used because the FE results, whether from static or dynamic models, 
are being used to examine the response of glass loaded to failure under short 
time spans, such as occur during blast.  The effective maximum principal stress 
is calculated as: 
1
16
max max 60
dtσ σ ⎛ ⎞= ⎜ ⎟⎝ ⎠     (Eq. 3.5-4) 
 
Two computer programs were written to implement the FE results using the 
software Matlab.  The first computer program, entitled POF2sides.m calculates 
the probability of failure for one set of FE results.  The second computer 
program, automate POF.m, automates the processing of multiple sets of FE 
output and was used to process the results of Chapter 5 (dynamic FE results).  
 
Computer Program POF2sidesrepeat.m 
function Pf = POF2sidesrepeat(a, data, m, k, tf, n) 
%Calculates probability of failure of a monolithic glass plate using 
%Beason & Morgan for FE model output by calculating a risk factor which 
%is the summation of element risk factors. Input must be from FE output 
%with a uniform mesh, unless a is a vector that represents tributary 
%area surrounding each integration point, in which case care must be 
%taken to ensure that stresses and tributary areas are coordinated.  FE 
%data should include maximum and minimum principal stresses at all 
%integration points on each side of the plate, but not interior 
%integration point stresses. 
  
%Input = a (tributary area of element),data (consists of sigmamax, 
%sigmamin which are max and min principal surface stresses on both 
%sides of plate from ABAQUS), m and k (glass surface flaw parameters), 
%tf (time duration of load), n=number of integration points in model. 
%Input of stresses must be setup with sigmamax for side 1 in column 1, 
%sigmamin for side 1 in column 2, sigmamax for side 1 in column 3, 
%sigmamin for side 2 in column 4). SNEG and SPOS refer to tensile and 
%compressive sides of the plate respectively. 
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%Begin - convert data to various surface stresses 
sigmamaxSNEG=data(:,3); 
sigmaminSNEG=data(:,5); 
sigmamaxSPOS=data(:,4); 
sigmaminSPOS=data(:,6); 
  
%change max and min principal stresses to effective stresses for 60 
%second load 
sigmamaxeffSNEG=sigmamaxSNEG*((tf/60)^(1/16)); 
sigmamineffSNEG=sigmaminSNEG*((tf/60)^(1/16)); 
sigmamaxeffSPOS=sigmamaxSPOS*((tf/60)^(1/16)); 
sigmamineffSPOS=sigmaminSPOS*((tf/60)^(1/16)); 
  
%Define N and alpha for biaxial stress correction factor calculation 
NSNEG=sigmamineffSNEG./sigmamaxeffSNEG; 
NSPOS=sigmamineffSPOS./sigmamaxeffSPOS; 
  
alphSNEG=zeros(n:1); 
for i=1:n 
    if sigmaminSNEG(i)>0  
        alphSNEG(i)=pi/2; 
    else alphSNEG(i) = atan(1./(abs(NSNEG(i)).^0.5)); 
    end 
end 
alphSNEG=alphSNEG'; 
  
alphSPOS=zeros(n:1); 
for i=1:n 
    if sigmaminSPOS(i)>0  
         alphSPOS(i)=pi/2; 
    else alphSPOS(i) = atan(1./(abs(NSPOS(i)).^0.5)); 
    end 
end 
alphSPOS=alphSPOS'; 
  
%calculate biaxial stress correction factor, set c=0 at biaxial 
%compression points 
syms theta real; 
  
for i=1:n 
    if NSNEG(i)>1 
         integrandSNEG(i)=sym(0); 
    else integrandSNEG(i)=((cos(theta))^2+NSNEG(i)*(sin(theta))^2).^m; 
    end 
    integralSNEG(i)=double(int(integrandSNEG(i),0,alphSNEG(i))); 
end 
cSNEG=((2/pi)*integralSNEG).^(1/m)'; 
  
for i=1:n 
    if NSPOS(i)>1 
         integrandSPOS(i)=sym(0); 
    else integrandSPOS(i)= ((cos(theta))^2+NSPOS(i)*(sin(theta))^2).^m; 
    end 
    integralSPOS(i)=double(int(integrandSPOS(i), 0, alphSPOS(i))); 
end 
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cSPOS=((2/pi)*integralSPOS).^(1/m)'; 
  
%calculate risk function for each side, sum to get Beta 
%if sigmamax<0 (biaxial compression) doesn't contribute to risk so  
%need for loop to eliminate values if sigmamax<0 (i.e. compressions 
side) 
  
for i=1:n 
    if sigmamaxSNEG(i)>0 
    elriskSNEG(i)=k*a*((cSNEG(i).*sigmamaxeffSNEG(i)).^m); 
    else elriskSNEG(i)=0 
    end 
end     
  
for i=1:n 
    if sigmamaxSPOS(i)>0 
    elriskSPOS(i)=k*a*((cSPOS(i).*sigmamaxeffSPOS(i)).^m); 
    else elriskSPOS(i)=0; 
    end 
end     
  
BetaSNEG=sum(elriskSNEG); 
BetaSPOS=sum(elriskSPOS); 
Beta=BetaSNEG+BetaSPOS; 
 
%multiply beta by 4 because results are for quarter plate 
Betaplate=4*Beta; 
 
%calculate POF 
Pf=1-exp(-Betaplate) 
  
clear POF2sidesrepeat 
 
Computer Program AutomatePOF.m 
for i=1:23 
    k=2.86E-53; 
    m=7; 
    tf=1; 
    n=3600; 
    a=(0.762/50)^2; 
    z=load('AR1_SSG_2_24kpa_static.txt'); 
    data=z((1+(i-1)*n):n*i,:); 
    Pf=POF2sidesrepeat(a, data, m, k, tf, n) 
    load('log'); 
    out(i)=Pf; 
    save('log','out'); 
    clear all 
    clear POF2sidesrepeat 
end 
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Chapter 4 - Nonlinear FEA of Monolithic Glass Plates under Static Uniform 
Pressure with Simply Supported vs. Glazed Boundary Conditions 
 
The fundamental purpose of this chapter is to study the behavior of statically 
loaded monolithic glass plates under two types of boundary conditions; with 
simply supported edges and with glazed boundary conditions. The motivation for 
this research is to determine the validity of the common design assumption that 
glazing in blast-resistant glazing systems can be reliably modeled as a simply-
supported plate.   Finite element results of models of plates with both types of 
boundary conditions, and with aspect ratios of one and two, were compared 
under a wide range of load magnitudes.  The uniformly distributed static pressure 
loads are intended to simulate the effects of blasts from bombs ranging from 
relatively small to large.  In Sec. 4.1, comparisons of peak maximum principal 
stresses and of overall stress-fields on the plate surfaces showed a modest 
influence of boundary conditions on stresses for plates with aspect ratio of one, 
and a negligible influence for plates with aspect ratio of two.  In Sec. 4.2, plots of 
probability of failure versus load showed that plates with AR1 had a higher 
probability of failure for any given static load than plates with simply supported 
boundary conditions.  In Sec., 4.3 the relationship between stored strain energy 
and probability of failure is examined for systems with glazed vs. simply 
supported boundary conditions to provide insight into performance under blast 
loading.   
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4.1 Peak Stresses and Contour Plots – SS versus SSG models 
 
Table 4.1.1 and 4.1.2 compare the peak maximum principal stress and maximum 
center deflection for the plates described in the previous chapter with simply 
supported vs. glazed boundary conditions and aspect ratio of one and two 
(AR1_SS, AR1_SSG, AR2_SS and AR2_SSG).  The comparison of maximum 
center deflection between the SS and SSG models is of limited value because 
center deflection of the SSG model is disproportionately influenced by the 
deformation of the highly compliant sealant bead that does not exist in the SS 
model.  The stresses listed in the tables indicate that the effect of the glazed 
boundary conditions on peak maximum principal stresses on the glass surfaces 
is limited.  For the plate with aspect ratio of one, the glazed boundary conditions 
result in a modest increase in peak maximum principal stress at lower load 
intensities, but the opposite effect at relatively higher load intensities.  The 
influence of the boundary conditions on peak stress is near negligible for the 
plate with aspect ratio of two.  As discussed in Sec. 3.5, the peak maximum 
principal stress provides an incomplete description of the overall stress field on 
the surface of the plate.  The stress contour plots in the following section are 
useful in visualizing the effect of the boundary conditions on the stress fields of 
plates with the two types of boundary conditions.      
 
Table 4.1.1 – Stresses and Deflections – Simply Supported Vs. Glazed 
Boundary Conditions, AR1 
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Peak Maximum Principal Stress (Pa) Maximum Center Deflection (m) Load 
(kPa) 
SS  SSG  
%diff (SSG-
SS)/SS SS  SSG 
%diff (SSG-
SS)/SS 
2 8.04E+06 8.32E+06 3.42% 3.45E-03 3.70E-03 7.25% 
3 1.20E+07 1.24E+07 3.24% 5.09E-03 5.50E-03 8.10% 
4 1.59E+07 1.63E+07 2.96% 6.64E-03 7.10E-03 6.90% 
5 1.95E+07 2.00E+07 2.77% 8.10E-03 8.60E-03 6.15% 
6 2.29E+07 2.35E+07 2.49% 9.47E-03 1.01E-02 6.64% 
7 2.61E+07 2.67E+07 2.34% 1.08E-02 1.14E-02 6.05% 
8 2.91E+07 2.97E+07 2.17% 1.20E-02 1.27E-02 6.28% 
9 3.19E+07 3.25E+07 2.01% 1.31E-02 1.38E-02 5.50% 
10 3.44E+07 3.51E+07 1.92% 1.42E-02 1.49E-02 5.30% 
11 3.69E+07 3.75E+07 1.82% 1.52E-02 1.60E-02 5.61% 
12 3.92E+07 3.99E+07 1.81% 1.61E-02 1.70E-02 5.52% 
13 4.14E+07 4.21E+07 1.67% 1.70E-02 1.79E-02 5.17% 
14 4.36E+07 4.44E+07 1.81% 1.79E-02 1.88E-02 5.15% 
15 4.57E+07 4.66E+07 1.79% 1.87E-02 1.97E-02 5.29% 
16 4.78E+07 4.87E+07 1.78% 1.95E-02 2.05E-02 5.07% 
17 4.99E+07 5.08E+07 1.74% 2.03E-02 2.13E-02 5.08% 
18 5.19E+07 5.28E+07 1.69% 2.10E-02 2.20E-02 4.71% 
19 5.39E+07 5.48E+07 1.67% 2.17E-02 2.28E-02 4.97% 
20 5.61E+07 5.67E+07 1.09% 2.24E-02 2.35E-02 4.86% 
21 5.85E+07 5.86E+07 0.21% 2.31E-02 2.42E-02 4.90% 
22 6.09E+07 6.05E+07 -0.61% 2.37E-02 2.48E-02 4.55% 
23 6.32E+07 6.23E+07 -1.38% 2.43E-02 2.55E-02 4.77% 
24 6.55E+07 6.41E+07 -2.14% 2.50E-02 2.61E-02 4.61% 
 
 
Table 4.1.2 – Stresses and Deflections – Simply Supported Vs. Glazed 
Boundary Conditions, AR2 
 
Peak Stress (Pa) Maximum Center Deflection (m) Load 
(kPa) 
SS  SSG  %diff (SSG-SS)/SS SS  SSG 
%diff (SSG-
SS)/SS 
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2 1.71E+07 1.70E+07 -0.82% 8.44E-03 8.40E-03 -0.47% 
3 2.49E+07 2.47E+07 -0.56% 1.23E-02 1.23E-02 0.00% 
4 3.19E+07 3.18E+07 -0.31% 1.58E-02 1.58E-02 0.00% 
5 3.82E+07 3.82E+07 -0.10% 1.90E-02 1.91E-02 0.37% 
6 4.39E+07 4.40E+07 0.09% 2.20E-02 2.21E-02 0.50% 
7 4.91E+07 4.93E+07 0.28% 2.47E-02 2.48E-02 0.40% 
8 5.39E+07 5.42E+07 0.45% 2.73E-02 2.74E-02 0.51% 
9 5.83E+07 5.87E+07 0.58% 2.96E-02 2.98E-02 0.61% 
10 6.24E+07 6.28E+07 0.72% 3.18E-02 3.20E-02 0.50% 
11 6.62E+07 6.67E+07 0.83% 3.39E-02 3.42E-02 0.77% 
12 6.97E+07 7.04E+07 0.95% 3.59E-02 3.62E-02 0.78% 
 
Stress Contour Plots  
 
Stress contour plots for loads of low, mid-range and high intensity are shown in 
Figs. 4.1.1 through 4.1.12.  Figs. 4.1.1-4.1.6 show stress contours for the plates 
with AR1 and simply supported and glazed boundary conditions, respectively at 
loads of 2kPa, 12kPa and 24kPa.  Figs. 4.7 through 4.12 show stress contours 
for the plates with AR2 and simply supported or glazed boundary conditions 
respectively at loads of 2kPa, 6kPa and 12kPa.  All stress contours show the 
maximum principal stresses on the tensile (inboard) side of the glass plates.  
 
The stress contour plots show that the two different boundary conditions produce 
a significant difference in the distribution of surface tensile stresses for the plates 
with AR1 at the middle and higher intensity loads.  Despite the fact that the peak 
maximum principal stresses of plates with AR1 are within a few percent of each 
other (Table 4.1.1), the stress distributions in the plates are quite different.  At 
low stress intensity (2 kPa loading) the stress distributions are similar.  However, 
as the stress increases through 12 kPa and to 24 kPa, the zone of high stress 
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moves from the middle towards the corner of the plate with simply supported 
boundary conditions.  In contrast, the plate with glazed boundary conditions does 
not have a high stress zone near the corner because the elastic boundary 
condition allows the plate corner to translate towards the applied load (uplift) 
enough to relieve stress.  However, plate AR1_SSG has a larger zone of high 
stress in the middle of the plate.  The result is that AR1_SSG has a peak 
maximum principal stress of similar magnitude to AR1_SS, but the area of high 
stress intensity covers a much larger area of the plate surface.  The stress 
contour plots show very little influence of the boundary conditions on the stress 
state of the plates with AR2.   
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Fig. 4.1: AR1_SS; 2 kPa pressure 
 
Fig. 4.2: AR1_SS; 12 kPa pressure 
 
Fig. 4.3: AR1_ss; 24 kPa pressure 
 
 
Fig. 4.4: AR1_SSG; 2 kPa pressure 
Fig.4.5:AR1_SSG; 12 kPa pressure 
 
Fig.4.6:AR1_SSG; 24kPa pressure 
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Fig. 4.7:AR2_SS; 2 kPa pressure 
 
Fig. 4.8:AR2_SS; 6 kPa pressure 
 
Fig. 4.9:AR2_SS; 12 kPa pressure  
 
 
Fig. 4.10:AR2_SSG; 2 kPa pressure 
 
Fig.4.11:AR2_SSG; 6 kPa pressure 
 
Fig.4.12:AR2_SSG; 12 kPa pressure 
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4.2 Probability of Failure 
 
The discretized Beason and Morgan model presented in Sec. 3.5 was used to 
process the finite element results.  Tables 4.2.1 and 4.2.2 compare probability of 
failure with simply supported vs. glazed boundary conditions for plates with 
aspect ratio of one and two, respectively.  Figs. 4.13 and 4.14 present plots 
showing the relationship of load vs. probability of failure.  The data shows a non-
negligible, and a negligible influence of boundary conditions on probability of 
failure for plates with aspect ratio of one, and two, respectively.  For plates with 
AR1 at any given static load, the probability of failure is higher with glazed 
boundary conditions compared to with simply supported boundary conditions, 
because of the larger area of high-stress noted in the stress contour plots of the 
previous section.  Fig. 4.15 shows the absolute and percentage difference 
between the probabilities of failure for plates of AR1 with the two boundary 
conditions.  The plot shows that the relative difference in probability of failure 
decreases with load.  At low intensity loads, the relative difference is sizable, but 
the probability of failure of both plates is so low that the absolute difference is 
negligible.  The absolute difference reaches a peak of 4.2% at mid-intensity 
loads.  The results of this section show that boundary conditions have some 
influence on behavior of the glass for plates with aspect ratio of one.  To gain 
more insight into the influence of boundary conditions on performance under 
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blast loading, the strain-energy of the two systems will be compared in the 
following section.   
 
Table 4.2.1 – Probability of Failure – Plates with AR1 
Probability of Failure Load 
(kPa) 
SS  SSG  
%diff (SSG-
SS)/SS Absolute diff. (SSG-SS) 
2 0.00000 0.00E+00 - 0.000 
3 0.00010 1.00E-04 - 0.000 
4 0.00040 0.0005 25.00% 0.000 
5 0.00160 0.0019 18.75% 0.000 
6 0.00510 0.006 17.65% 0.001 
7 0.01290 0.0152 17.83% 0.002 
8 0.02800 0.0327 16.79% 0.005 
9 0.05420 0.0626 15.50% 0.008 
10 0.09530 0.109 14.38% 0.014 
11 0.15470 0.175 13.12% 0.020 
12 0.23420 0.2619 11.83% 0.028 
13 0.33310 0.368 10.48% 0.035 
14 0.44700 0.4873 9.02% 0.040 
15 0.56810 0.6107 7.50% 0.043 
16 0.68610 0.7269 5.95% 0.041 
17 0.79040 0.8255 4.44% 0.035 
18 0.87340 0.9001 3.06% 0.027 
19 0.93190 0.9496 1.90% 0.018 
20 0.96790 0.978 1.04% 0.010 
21 0.98700 0.9919 0.50% 0.005 
22 0.99560 0.9975 0.19% 0.002 
23 0.99880 0.9994 0.06% 0.001 
24 0.99970 0.9998 0.01% 0.000 
 
Table 4.2.2 – Probability of Failure – Plates with AR2 
Probability of Failure Load 
(kPa) SS  SSG  %diff (SSG-SS)/SS absolute diff. (SSG-SS) 
2 0.0004 0.0003 -25.00% 0.000 
3 0.0051 0.0049 -3.92% 0.000 
4 0.0302 0.0296 -1.99% -0.001 
5 0.1093 0.1083 -0.91% -0.001 
6 0.2784 0.2784 0.00% 0.000 
7 0.5305 0.5335 0.57% 0.003 
8 0.7825 0.7877 0.66% 0.005 
9 0.9379 0.9416 0.39% 0.004 
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10 0.9908 0.9919 0.11% 0.001 
11 0.9994 0.9995 0.01% 0.000 
12 1.0000 1.0000 0.00% 0.000 
 
 
Fig. 4.13: Probability of Failure vs. Load – Plates with AR1 
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Fig. 4.14: Probability of Failure vs. Load – Plates with AR2 
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Fig. 4.15: Relative and Absolute Difference – Probabilities of Failure of Plates 
with AR1 
 
4.3 Comparison of Strain Energy  
 
The results of the previous section indicate that boundary conditions influence 
the glass’ probability of failure under any given static load for plates with aspect 
ratio of one.  The influence of boundary conditions on blast-resistant glazing 
performance, however, is still unclear as blast loads are dynamic.  To gain insight 
into the role of boundary conditions on behavior under blast loading, the strain 
energy of the models is examined in this Section.  The assumptions described in 
Chapter 2 state that all strain energy in the system is dissipated at fracture.  If 
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this assumption holds, a glazing system’s performance will improve to the extent 
that its strain energy density increases for a given probability of failure.   
 
Tables 4.3.1 and 4.3.2 compare the total strain energy stored in models with 
simply supported vs. glazed boundary conditions for plates with aspect ratio of 
one and two, respectively.    Table 4.3.1 shows that the glazed models store 
significantly more strain energy than simply supported models for any given static 
load.  The difference in strain energy between glazed and simply supported 
plates shown in Table 4.3.2 is not as significant for plates with aspect ratio of 
two.  The plots in Fig. 4.16 show the relationship between strain energy stored in 
components of the glazed vs. simply supported plates as a function of load 
intensity.  For plates with AR1, the glass plate in the simply supported model 
actually store more strain energy than the glass plate in the glazed model for any 
given load.  However, because the sealant stores a significant quantity of strain 
energy, the glazed system as a whole, stores significantly more strain energy 
than the simply supported plate system.  Fig. 4.17 shows that the strain energy 
stored in the sealant of AR1_SSG ranges from 16% to 12% of the total strain 
energy of the system for low to high intensity loads, respectively.  This result is 
interesting in its own right, because it indicates that the sealant is capable of 
storing a significant amount of energy in blast loading.  However, what is truly 
pertinent to the question of the boundary conditions’ influence on blast-resistant 
glazing performance is the relationship between the strain energy in the system 
and the probability of failure.   
 100 
100 
 
The previously presented results of this Chapter have shown that the system of 
plate and sealant with glazed boundary conditions with aspect ratio of one stores 
more strain energy than a simply supported plate, for a given load but that the 
plate in the glazed system has a higher probability of failure for any given load 
compared to the simply supported plate.  The extent to which these 
counterbalancing phenomenon influence blast resistant glazing performance is 
illustrated in Fig. 4.18, which show the relationship between strain energy and 
probability of failure for plates with aspect ratio of one.  This plot is the most 
pertinent to expected performance of blast-resistant glazing systems because it 
indicates the amount of energy that is stored in the system for a particular 
probability of failure.  Fig. 3.18 shows a non-negligible difference in stored energy 
between glazed and simply supported boundary conditions.  For a mean 
probability of failure (0.5), the difference in strain energy is 1.4 N-m, or 4.6% 
more energy stored in the glazed model.   This result indicates that simply 
supported models of plate behavior will slightly underestimate the ability of blast-
resistant glazing systems to store energy from dynamic loads. In other words, the 
plate on glazed boundary conditions has the ability to store roughly 5% more 
energy than a simply supported plate at the point at which they are expected to 
fail.  The results indicate that it is very reasonable to use simply supported 
models to approximate blast-resistant glazing behavior.   
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Table 4.3.1 – Strain Energy in Simply Supported vs. Glazed Plates - AR1 
 
Strain Energy (N m) Load 
(kPa) SS  SSG %diff (SSG-SS)/SS 
2 0.84 0.95 13.46% 
3 1.84 2.08 12.88% 
4 3.19 3.57 12.04% 
5 4.84 5.39 11.32% 
6 6.74 7.48 10.93% 
7 8.87 9.81 10.54% 
8 11.2 12.34 10.18% 
9 13.72 15.07 9.84% 
10 16.39 17.96 9.58% 
11 19.22 21.01 9.31% 
12 22.19 24.21 9.10% 
13 25.29 27.54 8.90% 
14 28.51 31.00 8.73% 
15 31.85 34.58 8.57% 
16 35.31 38.27 8.38% 
17 38.87 42.09 8.28% 
18 42.54 46.03 8.20% 
19 46.31 50.08 8.14% 
20 50.17 54.23 8.09% 
21 54.14 58.48 8.02% 
22 58.19 62.83 7.97% 
23 62.34 67.2 7.80% 
24 66.57 71.79 7.84% 
 
Table 4.3.2 – Strain Energy in Simply Supported vs. Glazed Plates – AR2 
 
Strain Energy (N m) Load 
(kPa) SS  SSG  %diff (SSG-SS)/SS 
2 4.24 4.36 2.73% 
3 9.21 9.47 2.82% 
4 15.7 16.14 2.80% 
5 23.44 24.11 2.86% 
6 32.35 33.18 2.57% 
7 41.96 43.18 2.91% 
8 52.45 53.99 2.94% 
9 63.66 65.54 2.95% 
10 75.49 77.73 2.97% 
11 87.91 90.51 2.96% 
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12 100.9 103.84 2.91% 
 
 
Fig. 4.16: Strain Energy vs. Load – AR1 
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Fig. 4.17: Strain Energy Stored in Sealant as a Percentage of Total Strain 
Energy Stored in System AR1_SSG 
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Fig. 4.18: Strain Energy vs. Probability of Failure – Plate AR1 
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Chapter 5 – The influence of Higher Mode Shapes – Comparison of SDOF 
and Dynamic FE Analysis 
 
Most current analytical or empirical first-crack prediction techniques for blast-
resistant glazing systems use a non-linear single degree of freedom (SDOF) 
idealization to approximate the dynamic response of glass under blast loading.   
The fundamental purpose of this Chapter is to investigate the extent to which 
higher mode shapes, which are not included in an SDOF idealization, influence 
the behavior and probability of failure of the glass under blast loading.  Only the 
behavior of the simply supported plate models were considered in this Chapter, 
as the results of Chapter 4 indicate that the simply supported and glazed plates 
exhibit very similar behavior.  In Section 5.1, the SDOF idealization is described, 
and qualitatively compared to the actual dynamic response of plates.  The 
solution techniques used by first-crack prediction computer programs to solve the 
SDOF analytical model are also presented.  The following sections of the chapter 
are geared towards comparing SDOF results with actual behavior.  In order to 
gain physical insight into the nonlinear dynamic response of the plate models, the 
first ten frequencies of the models were extracted and are presented in Section 
5.2.  In Section 5.3 a Fourier analysis procedure was used to identify the 
frequency content of various blast loads; the frequency content of the loads were 
then compared with the frequencies of the plates that were presented in Section 
5.2.  Finally, in Section 5.4, the peak stresses and probability of failure of a 
SDOF model was compared to those of a dynamic finite element simply 
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supported plate models under blast loading to determine the influence of higher 
mode shapes and the adequacy of current analytical procedures. 
 
5.1 Overview of the SDOF Idealization versus the Actual Dynamic 
Response of Plates 
 
A SDOF idealization of a blast-resistant glazing system is shown in Figure 5.1. 
The center deflection of the plate is represented by U(t), the lumped mass of the 
plate by m, and the lumped loading by R(t).   In this idealization, which is used in 
virtually all first-crack prediction methods, plate behavior is idealized by an 
equivalent SDOF system that has only one possible frequency and mode shape.  
The frequency corresponds to the fundamental frequency of the plate, and the 
first and only mode shape is assumed to be that of the deflected shape under 
static lateral uniform pressure.  In the SDOF idealization, there is a unique 
relationship between center deflection and the stress-state or the probability of 
failure of the plate.  The spring is nonlinear, because the static response of the 
plate is nonlinear.  The SDOF model does not include damping, because the 
maximum response for the first period is of interest, and damping has a 
negligible effect on the response during the first half cycle.   
 
In reality, however, the plate is a continuous system with an infinite number of 
degrees of freedom and hence an infinite number of frequencies and mode 
shapes.  It would consist of an infinite number of masses and springs of the type 
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shown in Fig 5.1.  Although the response of plates is assumed to be dominated 
by the first mode of vibration, blast loads are capable of exciting higher mode 
shapes.  These higher mode shapes, some of which are illustrated in Section 
5.2, will change the deflected shape of the plate and hence the stress distribution 
and probability of failure of the plate.  The higher mode shapes have higher 
frequencies than the fundamental frequency.  The overall dynamic response to a 
dynamic load will therefore consist of the superposition of all mode shapes, 
which occur at differing frequencies.  In a multi-degree-of-freedom (MDOF) 
representation of the plate (i.e. the FE models), there is not a unique relationship 
between center deflection and the plate’s stress-distribution, nor does the highest 
stress-state necessarily occur when the center deflection reaches a maximum 
value, although it usually occurs near maximum center deflection if the first mode 
of vibration is dominant. 
 
The dynamic response to a blast load depends on the temporal distribution of the 
loading, as described in Chapter 3.  Although the first mode shape will generally 
dominate the response, the duration of the load determines whether the first 
mode response will be of an impulsive, quasi-static, or dynamic nature.  If to, the 
positive phase duration, is short in comparison to the period, the response will be 
impulsive, and will be less than the static response to the peak pressure.  On the 
other hand, as the length of to increases compared to the fundamental period of 
the plate, the response will become increasingly similar to the dynamic response 
to a step load of infinite duration, which has a maximum deflection of twice the 
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static deflection under the same peak pressure for an SDOF system.  The length 
of the blast wave duration also determines the extent to which various modes will 
be excited, as described in Section 5.3.  
 
The blast-resistant design community considers the SDOF idealization to be an 
adequate representation of blast-resistant glazing system behavior because the 
plate response is assumed to be dominated by the first mode.  The extent to 
which this assumption is true has never been rigorously investigated.  The ability 
of a SDOF system to approximate adequately the behavior of the plate is 
assessed in several ways in the following Sections.   
 
    
 
 
 
 
 
 
 
 
 
Fig 5.1: Idealization of the plate as an SDOF system 
 
m 
k(y)
R(t) y(t) 
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5.1.1 HAZL SDOF Solution Techniques 
 
In this Section, the equations and techniques used by the first crack prediction 
software program HAZL (by Army Corps of Engineers Protective Design Center) 
to solve for the nonlinear SDOF response are presented.  The plate’s dynamic 
response to a given blast load is computed by piecewise numerical integration of 
the differential equations of motion, using resistance functions that characterize 
nonlinear stiffness by relating center deflection to static load.  In this method, a 
maximum center deflection of a plate can be determined for a given blast load.  A 
probability of failure can then be computed using known relations between static 
deflected shape and probability of failure (e.g. plots presented in Chapter 4).   
 
The constant-velocity procedure is typically used to solve the differential 
equations of motion40.  Since the problem is nonlinear, accurate solution requires 
defining the spring stiffness coefficient, k, as a function of y, the center deflection.   
The differential equations of motion for the undamped SDOF are: 
 
( ) ( )LMK my k y y F t+ =&&    
(eq. 5-1) 
F(t) = Lumped Force = blast pressure(t) x area 
K(y) = stiffness 
M     = Plate mass 
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KLM    = Load-Mass Factor 
 
The load mass factor is a combination of effective load, effective stiffness, and 
effective mass factors.  Since the effective stiffness and effective load factors are 
roughly equal, KLM is obtained by dividing the equation of motion by the effective 
load factor. These factor(s) are required because the SDOF idealization would 
otherwise inaccurately assume that all of the mass, stiffness or load participates 
in the motion described by the SDOF parameter, y(t).  HAZL uses a load mass 
factor from an Army Technical Manual1 that is given by: 
0.63 0.16( 1)LMK AR= + −    
(eq.5-2) 
To approximate k(y), curve fitting is typically used to find best-fit polynomials that 
approximate resistance functions.  HAZL calculate the plate stiffness at six 
intervals by dividing the resistance function into six linear segments.   
 
With the relations k(y) established, HAZL can compute the response of the 
system by numerically integrating the equation of motion.  The center deflection 
is calculated at each time step by extrapolation from the previous step, using the 
following equation: 
1 1 22 ( )s s s sy y y y t+ −= − + ∆&&      
         (eq. 5-3) 
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In this scheme, sy&&  is calculated by rearranging eq. 3-4.  For the first increment, 
1sy −  is unknown. By assuming constant acceleration during the first time step, 1y  
may be calculated from the following equation:  
 
1 0 21 ( )
2
y y t= ∆&&  
      (eq. 5-4) 
 
HAZL contains resistance functions for nominal glass thicknesses rather than 
exact thickness.  This study considered the behavior of glass with an exact 
thickness of ½ in., whereas the nominal thickness of ½ in. glass is actually 0.469 
in.  To compare these results with HAZL results, in the following sections, the 
HAZL center deflections were adjusted to an exact thickness value through linear 
interpolation between the response of ½ in. and 5/8 in. nominal thickness glass.  
Figure 5.2 shows typical output from the HAZL program.  
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Fig. 5.2 – HAZL First Crack Prediction Software 
 
5.2 Eigenvalue and Frequency Analysis 
 
In this Section, the first ten eigenvalues and frequencies of the two FE simply 
supported plate models described in Chapter 3 are presented.  The frequencies 
of the plates are important because, when combined with the Fourier analysis of 
the loading that is presented in Section 5.3, they will together provide insight as 
to whether higher modes will be significantly excited in response to blast loading. 
 
Since the large-deflection response of the glass plates is nonlinear, the dynamic 
response is a nonlinear dynamics problem.  As described previously, geometric 
 113 
113 
stiffening causes the plates’ frequencies to increase as the load increases; the 
frequencies are therefore load dependent.  In order to gain insight into the 
dynamic response of the plates, the frequencies were extracted at low-intensity, 
mid-range intensity and high-intensity loads.  These loads were 2 kPa, 12 kPa 
and 24 kPa for the plate with aspect ratio of one, and 2 kPa, 6 kPa and 12 kPa 
for the plates with aspect ratio of two. 
 
The eigenvalue problem for the finite element models is defined as: 
   
2K M 0ω φ⎡ ⎤− =⎣ ⎦    
(Eq. 5-5) 
Where: 
K = Stiffness Matrix at each step 
M = Mass Matrix 
2λ ω=  =  Eigenvalue vector 
φ  = Eigenvectors representing mode shape 
 
The eigenvalues were extracted through a linear perturbation analysis step that 
takes place after statically loading the plates with each of the above-described 
loads.  This procedure uses the method described in chapter 3 to solve the 
nonlinear static problem and then uses the resultant stiffness matrix, K, in the 
eigenvalue problem.  The first thirty frequencies were extracted and reviewed 
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using the previously described ABAQUS models.  For brevity, only the first ten 
frequencies are presented here.  Frequency extraction was performed with a 
Lanczos iteration scheme41.  The plates with aspect ratio of one exhibit repeat 
eigenvalues and frequencies (mode 5 & 6, 10 & 11, etc.) because of their 
symmetry.    
 
The eigenvalues and frequencies are listed in Tables 5.1-5.2.  As expected, the 
frequencies for each mode continually increase from the low to mid to high-
intensity loading because of geometric stiffening.  The plate with aspect ratio of 
one has higher frequencies than the plate with aspect ratio of two.  This result is 
particularly dominant for the fundamental frequency, which increases by nearly 
60% for the plate with aspect ratio one, and 40% for the plate with aspect ratio of 
two, from low to high load-intensity.  This phenomenon illustrates the need for 
non-linear analysis of the dynamic response, even in an SDOF idealization.   
Figure 5.3 shows the shape of some of the higher modes, which illustrates why a 
superposition of higher modes vibrating at varying frequencies would result in a 
non-unique relationship of center velocity to stress-state. 
 
Table 5.1:  Eigenvalues and Frequencies  - Plate AR1_SS 
 
 Low Intensity Load (2kPa) Mid-Intensity Load (12kPa) High-Intensity Load (24 kPa) M
ode Freq. 
(Hz) Eigenvalue 
Freq. 
(Hz) Eigenvalue
% freq. 
uincrease 
from low 
Freq. 
(Hz.) Eigenvalue 
% freq. 
increase 
from low
% freq. 
increase 
from 
mid 
1 29.431 3.42E+04 38.4364 5.83E+04 30.6% 46.6903 8.61E+04 58.6% 21.5%
2 144.717 8.27E+05 148.026 8.65E+05 2.3% 152.878 9.23E+05 5.6% 3.3%
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3 145.238 8.33E+05 157.67 9.81E+05 8.6% 172.508 1.17E+06 18.8% 9.4%
4 259.436 2.66E+06 261.368 2.70E+06 0.7% 264.395 2.76E+06 1.9% 1.2%
5 376.281 5.59E+06 381.883 5.76E+06 1.5% 389.109 5.98E+06 3.4% 1.9%
6 376.281 5.59E+06 382.137 5.76E+06 1.6% 390.626 6.02E+06 3.8% 2.2%
7 489.71 9.47E+06 487.276 9.37E+06 0.5% 484.642 9.27E+06 1.0% 0.5%
8 490.116 9.48E+06 495.386 9.69E+06 1.1% 503.021 9.99E+06 2.6% 1.5%
9 718.643 2.04E+07 719.354 2.04E+07 0.1% 719.767 2.05E+07 0.2% 0.1%
10 723.009 2.06E+07 727.716 2.09E+07 0.7% 734.069 2.13E+07 1.5% 0.9%
 
Table 5.2:  Eigenvalues and Frequencies  - Plate AR2_SS 
 
 Low Intensity Load (2kPa) Mid-Intensity Load (6 kPa) High-Intensity Load (12 kPa) M
ode Freq. 
(Hz) Eigenvalue 
Freq. 
(Hz) Eigenvalue
% freq. 
increase 
from low
Freq. 
(Hz.) Eigenvalue 
% freq. 
increase 
from low
% freq. 
increase 
from 
mid 
1 18.7722 1.39E+04 22.0197 1.91E+04 17.3% 26.5082 2.77E+04 41.2% 20.4%
2 48.8905 9.44E+04 58.2584 1.34E+05 19.2% 71.2527 2.00E+05 45.7% 22.3%
3 106.864 4.51E+05 117.603 5.46E+05 10.0% 133.844 7.07E+05 25.2% 13.8%
4 134.218 7.11E+05 135.778 7.28E+05 1.2% 138.554 7.58E+05 3.2% 2.0%
5 162.833 1.05E+06 164.717 1.07E+06 1.2% 170.4 1.15E+06 4.6% 3.5%
6 193.301 1.48E+06 201.762 1.61E+06 4.4% 213.048 1.79E+06 10.2% 5.6%
7 220.332 1.92E+06 222.289 1.95E+06 0.9% 229.95 2.09E+06 4.4% 3.4%
8 306.715 3.71E+06 307.531 3.73E+06 0.3% 309.33 3.78E+06 0.9% 0.6%
9 308.923 3.77E+06 316.772 3.96E+06 2.5% 331.003 4.33E+06 7.1% 4.5%
10 365.889 5.29E+06 366.827 5.31E+06 0.3% 368.429 5.36E+06 0.7% 0.4%
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Fig. 5.3 – AR1_SS, First Four Mode Shapes 
 
 
 
5.3 Analysis of the Frequency Content of Various Blast Loads 
 
In this Section, the frequency content of idealized blast loads were examined 
using Fourier Analysis.  This technique was used because it allows comparison 
of the frequency content of the load to the frequency of the higher modes in order 
to gain insight into which mode shapes will exhibit significant excitation under 
blast loading.  Four different blast loads were considered, each of which is of the 
form shown in Fig. 3.2.  The pertinent blast load parameters were calculated 
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using Fig. 3.3 and are tabulated in Table 5.3.  The four blast loads all have the 
same peak pressure, but have varying time durations, and impulses.  The blast 
loads range from being characteristic of a very small bomb at near standoff 
distance to a very large bomb at far standoff distance.  These loads were 
selected because they provide a wide range of blast load time durations in 
relation to the natural period of the plates. 
 
Table 5.3:  Idealized Blast Loads for Frequency Domain Analysis 
 
Pr – Peak 
Reflected 
Pressure (kPa) 
To – Positive 
Phase 
Duration 
(msec) 
Ir – 
Reflected 
Impulse 
(kPa-msec) 
W – Yield 
in kg of 
TNT 
Equivalent 
R – 
Standoff 
Distance 
(meters)
15 120  900 191 91 
15 12 90 13.2 37 
15 8 60 3.6 24 
15 5 37.5 1 15 
  
 
The power spectrum for each of the four idealized blast loads was calculated 
using the Fast-Fourier-Transformation (FFT) algorithm.  The mathematical 
representation of a Fourier Series Transform defined in terms ofω , the natural 
frequency, is: 
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( ) ( ) i tF p t e dtωω
∞
−
−∞
= ∫    
(eq. 5-6) 
 
And the Discrete Fourier Transform, again in terms of ω , is defined as: 
 
        
( ) ki tj
k
F p e dωω ω∞
=−∞
= ∑%    
(eq. 5-7) 
where jp  are the coefficients of the Fourier Series.  In practice, the limits of the 
summation are replaced by N, which equals the number of data points used to 
represent the function p(t).   
 
In this study, 10,001 points were used for N, with a time step of 0.0001 second, 
which corresponds to sampling at 10,000 Hz.  The frequency axis used 
corresponds to frequency, f, rather than natural frequency, ω , for improved 
physical insight and comparison to the first ten mode frequencies of Sec. 5.2.  
The cutoff frequency, which is required for anti-aliasing, is one half of the total 
frequency, or 5000 Hz.  A computer program (shown below) was used to 
calculate the discrete transform from which the power spectrum for the four loads 
was computed.   
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The power spectrum provides a measure of the energy density of the blast load 
over the frequency domain.  The plots of power spectrum versus frequency are 
shown in Fig. 5.4.   The maximum frequency axis in these plots is limited to 500 
Hz, because negligible energy density exists at higher frequencies.   
 
Comparison of the results in Fig. 5.4 with the natural frequencies listed in Tables 
5.1 and 5.2 show several important trends.  First, typical blast loads contains far 
greater energy density at a frequency content close to the fundamental frequency 
of the plates, than they contain at frequency content close to the higher mode 
frequencies.  This observation means that the first mode shape will tend to 
dominate the dynamic response of glass plates to blast loading.  Also, the loads 
contain very low energy density at frequencies above 250 Hz (on the order of 1% 
or less), and almost zero energy density above 500 Hz.  This means that only 
modes of plates with frequencies below 250 Hz would be expected to exhibit any 
significant degree of excitation under the four loads considered.  These modes 
correspond to the first three modes of the plate AR1_SS, and the first seven 
modes of the plate AR2_SS.  A third important observation is that loads with 
shorter positive phase duration have a more broadly distributed energy density, 
compared to the loads with longer positive phase durations.  The loads with 
longer duration loads have energy density distributed over an even narrower 
range of the lowest frequencies.   This means that short duration blast loads 
(produced from bombs with small standoff distances), are likely to excite a 
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dynamic response that is more strongly influenced by higher modes than would a 
longer duration blast load (from a larger standoff distance).   
 
It should be noted that the above observations pertain only to the degree to 
which the overall response is influenced by higher mode shapes.  The extent of 
excitation of higher mode shapes is not in itself predictive of glazing 
performance.  Rather, it is a topic of interest insofar as it provides insight on the 
relative degree of excitation of the higher modes.  For example, the response to 
a short duration load may be more strongly influenced by higher mode shapes 
than to a long duration load with the same peak pressure, but the glass will be 
more likely to fail under the longer duration load because that load would induce 
a far greater overall response (because the response of the first mode will be 
closer to the dynamic rather than the impulsive range).  The opposite could be 
true as well, in the case of a bomb that is located closer to the building.  The 
above insights are important only because they indicate that short duration loads 
are more likely to excite higher modes that are not considered by SDOF models.   
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Fig. 5.4: Power Spectrum of Four Loads with Varying Duration 
 
Frequency Content of Load  - Computer Program 
 
% Build pressure and time vectors 
  
Pr=15000; 
to=12/1000; 
tnum=[0:0.0001:1]; 
P(1:10001)=0; 
for i=1:10001 
    if tnum(i)<to 
        P(i)=Pr-(Pr/to)*tnum(i); 
    else P(i) = 0; 
    end 
end 
  
%calculate tau (time step), and number of time steps N 
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tau=tnum(2)-tnum(1); 
N=length(P); 
  
%use fast fourier transform, convert to power spectrum, and plot 
against 
%frequency 
g=fft(P); 
G=abs(g).^2; 
df=1/(N*tau); 
f=0:df:1/tau-df; 
plot(f,G) 
xlabel('f') 
ylabel('P(f)') 
title('power spectrum') 
 
5.4    Comparison of MDOF (FE) Versus SDOF (HAZL) Results 
 
The results of dynamic finite element analyses and HAZL’s SDOF simulations 
were compared in this Section to assess the extent to which higher mode shapes 
influence the performance of the glazing under various blast loading scenarios.  
The dynamic finite element analysis modeling and post-processing procedures 
are exceptionally computationally intensive.  The approach taken in this Section 
was to analyze performance of the two simply supported plate models under a 
few blast-load cases that bracket typical expected conditions, rather than to 
produce a parametric study.   
 
As in Chapter 4, probability of failures and peak stresses were both used as 
measures to compare the FE results with the SDOF results.  The discretized 
Beason & Morgan model was again used to calculate probabilities of failure.  
There are solution results at thousands of time steps for the dynamic FE models 
between the start of the blast load and the time at which the plate reaches 
maximum deflection for each blast-load case (Refer to Sec. 3.3.4).  The results of 
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the frequency analysis in Sec. 5.2 show the fundamental period, T1, of plate 
AR1_SS to be approximately 0.034 seconds.  The time required for the center of 
the plate to reach its maximum response will be roughly half the fundamental 
period or 0.017 seconds.  The time step used in the FE model for the explicit 
integration was 1.97E-6 seconds, and the probability of failure calculation was 
carried out approximately every 18 FE time steps or 4.146E-5 seconds.   This 
means that in the time required for the plate to reach its maximum response, the 
finite element model proceeded through roughly 8600 time steps.  Out of the 
8600 time steps, probability of failure calculations was performed at roughly 400 
equally spaced steps.  This scheme has found to provide sufficient resolution in 
plotting probability of failure versus time.  The plate AR2_SS has a fundamental 
period that is longer than that of plate AR1_SS, so a longer time interval of 
8.292E-5 seconds between probability of failure computations was found to 
produce adequate resolution.   
 
5.4.1 Blast Load Cases for FE and SDOF Analysis 
 
The load cases presented in Section 5.3 merit some discussion.  To adequately 
assess the adequacy of the SDOF model to represent plate behavior under all 
reasonable blast loads, careful selection of appropriate blast loads was required.  
The loads cases were selected to span the reasonable range of temporal 
distribution of loading.  This is an important requirement because the previous 
section showed that excitation of higher modes depends strongly on the temporal 
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distribution of the loading.  Load durations ranging from approximately ten to fifty 
percent of the fundamental period of the plate were used.  It was also found to be 
desirable to select loads that induce a wide range of probability of failure.  After 
some experimentation, the loads in Table 5.4 and Table 5.5 were selected.  
These loads all have a wide range of positive phase durations compared to the 
period of vibration of the plates, and they have similar magnitudes of peak 
pressure.  Physically, they represent threats ranging from small bombs at low 
standoff distance (C), to medium size bombs at large standoff distances (A). 
 
Table 5.4: Blast Load Pressures – AR1 
 
Load 
Case 
Pr – Peak 
Reflected 
Pressure 
(kPa) 
To – 
Positive 
Phase 
Duration 
(msec) 
Ir – 
Reflected 
Impulse 
(kPa-
msec) 
W – Yield 
in kg of 
TNT 
Equivalent
R – 
Standoff 
Distance 
(meters) 
t0/Tn 
A 15 12.3 92.3 13.2 40 0.36 
B 15 8 60 3.6 25 0.235
C 25 5 50 0.62 10 0.147
 
 
Table 5.5: Blast Load Pressures – AR2 
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Load 
Case 
Pr – Peak 
Reflected 
Pressure 
(kPa) 
To – 
Positive 
Phase 
Duration 
(msec) 
Ir – 
Reflected 
Impulse 
(kPa-
msec) 
W – Yield 
in kg of 
TNT 
Equivalent
R – 
Standoff 
Distance 
(meters) 
t0/Tn 
D 15 5 37.5 13 16 0.09 
E 5 27 67.5 55 155 0.5 
 
 
5.4.2 SDOF vs. Dynamic FE Results 
  
The results of the FE and the HAZL SDOF models were compared based on 
their predicted center deflection, peak stresses and probability of failure.  Plots of 
center deflection versus time, as well as peak stress and probability of failure 
versus center deflection are shown in Fig. 5.5 through Fig. 5.19.  In the following 
discussion it is useful to note that differences between the various models results 
are primarily due to the following two distinct phenomena: 
 
• SDOF ability to represent fundamental mode behavior: For each of the 
load cases, the nearly sinusoidal shape of the center deflection versus 
time plots show that the fundamental mode of vibration dominates the 
response.  However, the SDOF models sometimes inaccurately predict 
the maximum center deflection, based on comparison with the FE results.  
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The lumping of mass, load and stiffness in the equivalent SDOF system 
are a likely source of error.   
• Excitation of higher mode shapes:  The SDOF system does not capture 
the effects of higher mode excitation.  Although the higher mode shapes 
have a limited influence on center deflection they do significantly impact 
the stress distribution in the plates, and therefore the probability of failure.    
 
Center Deflection 
 
The comparison of the maximum positive phase center deflections of the HAZL 
model and the FE model are presented in Table 5.6, and plots of center 
deflections versus time for the five load cases are shown in Figures 5.5, 5.8, 
5.11, 5.14, and 5.17.  The HAZL results are generally relatively good at 
predicting center deflection compared to the FE results, although HAZL produces 
poor results under Load Case D.  The shapes of the curves are roughly 
sinusoidal, showing a dominance of the fundamental mode of vibration.  The 
plots of the SDOF model predicted center deflection versus time are not truly 
sinusoidal, because of the nonlinearity of the plate behavior.  The shape of the 
center deflection versus time plots becomes less smooth as the blast load 
duration decreases.  This behavior is caused by an increasing degree of higher 
mode excitation.  The results of the Fourier analysis presented in Sec. 5.3 
predicted correctly that blast loads with shorter duration would excite more higher 
mode shapes in the plates dynamic response.    
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Table 5.6 – Comparison of FE, SDOF and HAZL Center Deflections 
 
 Load 
Case Pr To 
FE Deflection 
(m) 
Hazl Deflection (m) 
 
A 15 12.3 0.02175 0.022 
B 15 8 0.0162 0.0163 
C 25 5 0.0161 0.0173 
D 15 5 0.0206 0.0155 
E 5 27 0.0247  0.0225 
    
 
Peak Maximum Principal Stress  - SDOF (HAZL) vs. FE results 
 
The peak maximum principal stresses are summarized in Table 5.6.  Plots of 
peak maximum principal stress versus center deflection are shown in Fig. 5.6, 
5.9, 5.12, 5.15 and 5.18.  The table and figures both show that peak stresses are 
under-predicted by the HAZL model, and that the accuracy of SDOF results 
decreases with blast load duration.  Significant differences between the peak 
stresses of the FE versus the SDOF models are caused by two reasons.  First, 
the stresses are influenced by the higher mode shapes, particularly for blast 
loads with short positive phase durations.  The second cause of differences 
between the SDOF and HAZL models is related to the inaccuracy of the SDOF 
model’s approximation of the center deflection, as described previously.   
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The distinction between the two causes of inaccuracy is most evident in 
comparing load cases A, B and C with load case E.    For Load Case A through 
C, HAZL accurately predicts the center deflection of the FE model, yet the peak 
stresses differ significantly.  The difference between single and multiple degree 
of freedom peak stress results in these cases is clearly due to the influence of 
the higher mode shapes.  The influence of higher mode shapes on stress is also 
observed in the non-monotonic relation between peak stress and center 
deflection.  In contrast, HAZL inaccurately predicts the center response in Case 
E.   However, examination of Fig. 5.18 shows that the peak stress for any given 
center deflection is very similar to that of the statically deflected shape.  The 
variation in peak maximum principal stress between HAZL and FE results in 
Case E is therefore not caused by higher modes shapes, but rather by the 
inaccuracy of the SDOF model in predicting the center deflection caused by the 
fundamental mode of vibration.  In summary, the influence of higher mode 
shapes can be observed by the difference between the two modeling results 
along the vertical (stress) axis of the stress versus deflection plots, while the 
inaccuracies in the SDOF’s prediction of center deflection can be observed by 
comparing the predicted maximum response of the two models along the 
horizontal (center deflection) axis.     
 
As expected, the higher mode shapes have a more important influence on peak 
maximum principal stress in load scenarios where the blast load’s positive phase 
duration is relatively short in comparison to the fundamental period of the plate 
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(i.e. t0/Tn is small).  This behavior is clearly shown in the large difference between 
FE and SDOF results for Load Cases D and E.  Load Case D, which is much 
shorter than Load Case E, shows FE peak stresses that are much higher than 
the SDOF peak stress than Load Case E.  The FE results presented in Fig. 5.15 
illustrates that there is a non-unique relation between center deflection and 
maximum principal stress because of the influence of the higher mode shapes.  
All of the plots of the peak maximum principal stress show that the higher mode 
shapes cause higher tensile stresses for a given center deflection than exist in 
the statically deflected shape (first mode shape of SDOF) plate.  Quantifying the 
influence of the higher mode shapes on peak maximum principal stress is 
challenging.  The various modes have different frequencies, and their 
superposition is a phenomenon that would best be approximated by a statistical 
approach. 
 
Table 5.6 – Peak Maximum Principal Stress: FE vs. HAZL Results 
 
Peak Stress (MPa) Load 
Case Pr To t0/Tn FE Hazl interpolation % difference 
A 15 12.3 0.36 65 53 18.5% 
B 15 8 0.24 45 38 15.6% 
C 25 5 0.15 64 42 34.4% 
D 15 5 0.09 59 31 47.5% 
E 5 27 0.5 55 43 21.8% 
 
Probability of Failure – SDOF (HAZL) vs. FE results 
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Comparisons of probability of failure for the FE vs. HAZL results are shown in 
Table 5.7.  Plots of probability of failure versus center deflection are shown in 
Fig. 5.7, 5.10, 5.13, 5.16 and 5.19.  The difference between modeling results is 
qualitatively very similar to that observed when using peak maximum principal 
stress as a basis for comparison.  The higher mode shapes have an important 
influence on the probability of failure (a difference of as much as 91%), 
particularly for blast loads that are relatively short in comparison to the 
fundamental period.  Inaccuracy in the SDOF approximation of the center 
deflection caused by the fundamental mode can also cause HAZL to under-
predict probability of failure.  The results of Load Case A are not particularly 
informative because the load induced a probability of failure that approached one 
for both the HAZL and FE models.   
 
Table 5.7 – Probability of Failure: FE vs. HAZL Results 
 
Peak Stress (MPa) Load 
Case Pr To T0/Tn FE Hazl interpolation % difference 
A 15 12.3 0.36 0.98 0.94 4.1% 
B 15 8 0.24 0.35 0.22 37.1% 
C 25 5 0.15 0.82 0.37 54.9% 
D 15 5 0.09 0.49 0.04 91.8% 
E 5 27 0.5 0.59 0.37 37.3% 
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Fig. 5.5: Comparison of Center Response of FE  vs. SDOF Models 
 Load Case A 
Max predicted 
response:  
 
FE : 0.02175 m 
SDOF : 0.0187 m 
HAZL: 0.022 m 
(not shown) 
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Fig. 5.6: Comparison of Peak Tensile Stress for FE  vs. HAZL Models 
 Load Case A 
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Fig. 5.7: Comparison of Probabilities of Failure for FE versus SDOF Models, 
Load Case A 
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Fig. 5.8: Comparison of Center Response of FE  vs. SDOF Models 
 Load Case B 
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Fig. 5.9: Comparison of Peak Tensile Stress for FE  vs. HAZL Models 
Load Case B 
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Fig. 5.10: Comparison of Probabilities of Failure for FE versus SDOF Models, 
Load Case B 
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Fig. 5.11: Comparison of Center Response of FE  vs. SDOF Models 
 Load Case C 
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Fig. 5.12: Comparison of Peak Tensile Stress for FE  vs. SDOF Models 
Load Case C 
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Fig. 5.13: Comparison of Probabilities of Failure for FE versus HAZL Models, 
Load Case C 
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Fig. 5.14: Comparison of Center Response of FE  vs. SDOF Models 
 Load Case D 
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Fig. 5.15: Comparison of Peak Tensile Stress for FE  vs. SDOF Models 
Load Case D 
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Fig. 5.16: Comparison of Probabilities of Failure for FE versus HAZL Models, 
Load Case D 
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Fig. 5.17: Comparison of Center Response of FE  vs. SDOF Models 
 Load Case E 
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Fig. 5.18: Comparison of Peak Tensile Stress for FE  vs. SDOF Models 
Load Case E 
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Fig. 5.19: Comparison of Probabilities of Failure for FE versus HAZL Models, 
Load Case E 
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Chapter 6 – Summary, Conclusions and Recommendations for Design 
 
The literature review portion of this study (Chapter 2) identified several important 
research needs for blast resistant glazing.  These include better first-crack 
prediction models and filling knowledge gaps of the behavior of post-fracture 
laminated glazing.  This study investigated two commonly used assumptions in 
analytical first crack prediction methods with the intent of improving the accuracy 
of first-crack prediction as a starting point for improved post-failure analysis.  The 
first assumption is that prior to first crack, glass can be modeled as a simply 
supported plate, rather than as a plate on elastic supports.  The second 
assumption is that SDOF models adequately represent the dynamic response of 
glass plates subjected to blast loading.  
The results of Chapter 4 show that representing glazed plates as simply 
supported plates results in a near negligible loss of accuracy, and is therefore an 
appropriate assumption.  The results of Chapter 5 show that higher mode shapes 
are an important component of the dynamic response of plates subjected to blast 
loading.  The Fourier analysis of typical blast loads shows that these loads have 
energy density in the range of frequencies of the first five modes of glass plates 
with configurations typically used in architectural glazing systems.  The influence 
of the higher mode shapes was shown to have a more significant impact on 
probability of failure in cases of blast loads with relatively short time duration, 
because shorter blast loads have more energy density in the frequency range of 
the 2nd through 5th mode shapes.  Failure to consider the excitation of higher 
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mode shapes, as is required for SDOF analysis, can result in misleading first-
crack prediction results, particularly for loads that have short duration in relation 
to the fundamental frequency of the plate. 
 
In most cases, design budgets dictate the use of SDOF rather than finite element 
analysis techniques.  Because HAZL’s implementation of an SDOF model results 
in relatively good prediction of center displacement, its ability to predict 
probability of glass failure could potentially be improved by factors relating to the 
dynamic response.  The ratio of positive phase duration to the fundamental 
period of the plate could be a basis for selecting such factors.   The author does 
not dispute the utility of the SDOF analysis technique; SDOF approximations 
approximate capture much of the fundamental behavior leading to first crack, and 
there are so many complex and poorly understood aspects of post-fracture 
behavior of laminated glass that precise determination of the onset of first-crack 
is not necessarily even useful at this time.  
 
Developing safety factors that artificially account for the higher modes of vibration 
within an SDOF analytical model requires parametric studies that should be the 
subject of further research.  In the meantime, designers should be aware that 
SDOF models tend to under-predict glazing probability of failure, particularly for 
blast loads of very short duration (small bombs in close proximity to buildings).   
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Chapter 1 – Introduction 
 
Massachusetts state government officials have recently placed significant 
emphasis on high-density, transit-oriented “smart-growth” development projects 
as a key tool in battling a “housing crisis” that is widely perceived as a threat to 
regional economic growth1.  Redevelopment of large parcels of underutilized land 
in close proximity to transit centers would be an important step toward meeting 
the state’s goal of increasing the local housing stock and concentrating 
development where public transportation infrastructure already exists.   
 
The purpose of this thesis is to describe the pertinent federal, state and local 
incentive programs available to large-scale development projects that may face 
certain obstacles to feasibility.  The research was performed with a particular site 
in mind, but the information and conclusions are intended to be broadly relevant.  
The subject site provided an ideal context within which to consider the applicable 
incentives and strategies because it matched the state’s priorities for new 
development precisely; it consisted of redevelopment of industrial land, was 
located within walking distance of a major commuter rail line, and had the 
capacity to create a very large number of accessibly priced market-rate and 
affordable housing units.  The site was located within multiple municipalities, 
which provided the opportunity to consider strategies for using incentive 
programs in both suburban and urban locales.    
                                                 
1 For some context and history of the housing crisis, there are several excellent publications listed in the 
references section, including the City of Boston’s Leading the Way II publication and reports published by 
the Commonwealth Housing Task Force.    
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The incentives described are intended to alleviate any of the following common 
obstacles to feasibility, which could limit the extent to which large-scale smart 
growth projects are capable of significantly alleviating the housing crisis:   
 
o Unusual infrastructure or other costs related to redevelopment. 
o Sites near mass transit on the urban ring may be in softer housing markets.  
Market-rate rents and sales prices in these markets may not be high enough 
to “cross-subsidize” the production of low-revenue generating affordable 
units (required by state programs and many local zoning bylaws).   
o Construction in urban areas is often provided by union workers, which 
increases construction costs significantly.    
o The current development environment is characterized by slowing 
absorbtion rates, rising construction costs and fear of softening sales prices 
for condominiums.   
o High-density projects may require parking structures.   
o Density bonuses are often relied upon to make otherwise infeasible projects 
possible.  However, density may be unable to help certain projects because 
of neighborhood opposition, or because of the cost of building parking 
garages. 
 
I compiled the information in this thesis from a survey of applicable program 
statutes, regulations and published guidelines, and from interviews with program 
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directors, real estate developers, city and town planners, municipal bond 
underwriters and attorneys, many of whom preferred to remain anonymous.  The 
thesis is pertinent mainly to large-scale projects that may consist of several 
phases.  My comments are written primarily for the private developer who wants 
to understand how the relevant programs work, to be aware of their advantages 
and disadvantages and to develop strategies for using them. In many cases this 
requires a detailed understanding of the municipal viewpoint or decision-making 
process, which I have also attempted to provide.   
 
Chapter 2 focuses on two recently established legislative statutes that provide 
financial incentives to municipalities that establish “smart growth” zoning overlay 
districts.  It describes the Chapter 40R legislation that provides payments to 
municipalities, as well as the related Chapter 40S legislation that serves to 
“insure” municipalities for the costs of educating new schoolchildren who move 
into developments enabled by Chapter 40R zoning.  It describes the program’s 
eligibility requirements, and the administrative process required to establish a 
40R district.  It describes municipal concerns over loss of control with 40R and it 
provides some discussion of the type of sites on which cities and towns are most 
likely to establish 40R districts.  Finally, it discusses the affordability requirements 
of 40R, and presents a strategy for projects that cannot feasibly support that level 
of affordability.   
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Chapter 3 examines property tax based methods of financing infrastructure for 
new development, some of which were created by recent legislation.  The 
programs, called District Improvement Financing (DIF), Urban Center Housing 
Tax Increment Financing (UCH-TIF), and Special Development Districts (Chapter 
40T – proposed) are potentially powerful tools for spurring development activity 
that would not otherwise occur.  The Chapter provides a summary of their 
potential uses, describes the type of projects for which they are ideally suited, 
and discusses potential obstacles to their use.   
 
Many of the aforementioned incentive programs require at a minimum, that 20% 
of units be affordable to low-moderate income residents.  Chapter 4 describes 
applicable federal, state and local sources of subsidized financing or grants for 
affordable housing.   It describes the applicability of funding sources to large-
scale market-driven smart growth projects. It includes some sample budgets and 
calculations that were used to ascertain the extent to which these programs can 
assist such projects.   Chapter 5 consists of a survey of mainly state grant 
programs that can be used to pay for sustainable features of projects, including 
bicycle and pedestrian facilities, affordable housing, parking garages, and 
“green” building features.   
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Chapter 2 – Chapter 40R/40S Smart Growth Zoning District Legislation 
 
2.1 Introduction to Chapter 40R/S 
 
The state legislature passed Chapter 40R Smart Growth Zoning Overlay 
legislation (40R) in 2004.  The regulations are contained in 760 CMR 59.  The 
program provides financial incentives for cities and towns to enact “smart growth 
zoning overlay districts”.  These districts allow as-of-right zoning for high-density 
residential or mixed-use development that is either transit-oriented or in an area 
of concentrated development.  The legislation was intended to promote smart 
growth, and to reduce housing costs by “creating a surplus of high-density 
residentially zoned land”2 and by reducing the uncertainty and delays associated 
with lengthy public approvals.  It was also intended to provide a more predictable 
and less adversarial alternative to 40B developments3.  The Commonwealth 
Housing Task Force, which produced recommendations and reports that were 
the basis for the 40R statute, intended to create a program that would “leave the 
door open” to new zoning practices that are consistent with the principles of the 
New Urbanism.  The Chapter 40R payments to towns are relatively small, 
especially in comparison to the potentially large costs of educating schoolchildren 
who could move into new developments in these Districts. 
                                                 
2 According to statements in the various reports published by the Commonwealth Housing Task Force. 
3 Chapter 40B is a state law responsible for almost all multifamily housing construction in the suburbs that 
allows developers to waive local zoning bylaws and other regulations in towns that have an affordable 
housing stock that is less than 10% of the year round total.  Developers are allowed to build at much higher 
density than would otherwise be allowed, but must reserve 20-25% of units as affordable. Refer to 
www.chapa.org for more information. 
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Governor Romney signed Chapter 40S (40S) legislation in November 2005 in 
recognition that, without further incentives, few cities or towns would establish a 
40R District.  Chapter 40S seeks to “insure” municipalities against the cost of 
educating schoolchildren who move into new developments in 40R districts.  
While this cost is a legitimate concern for municipal governments, it is often used 
as an excuse for preventing development by parties who would prefer not to see 
high-density and/or affordable housing development in their towns.  Legislators 
intended to remove legitimate and contrived obstacles to smart growth 
development with Chapter 40S.       
 
2.2   Chapter 40R: Program Description, Requirements & Administration 
 
Chapter 40R requires an extensive application to the state for approval of a 40R 
district.  The state review is intended to ensure that the proposed district meets 
the required standards pertaining to location, density, affordability, and design 
standards.  The Department of Housing and Community Development (DHCD), a 
state agency, is responsible for reviewing applications for Chapter 40R Districts.  
The following sections discuss requirements for 40R districts and the application 
process leading up to the establishment of a district. 
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Location 
The first requirement of the 40R statute is that the district must be in an “Eligible 
Location”, meaning that it meets one of the following three criteria:  
 
• All or part of the land is located within a half-mile of commuter rail, 
subway, bus or ferry terminals.  The distance to mass-transit may be 
expanded to three quarters of a mile as long as a continuous pedestrian 
access from the site to mass-transit exists.     
 
• Proximity to mass-transit is not required if all or part of the land is located 
in an “Area of Concentrated Development”.  An area of concentrated 
development must be currently served, or scheduled to be served by 
public sewer within five years4, must consist of land that is at least fifty 
percent “Substantially Developed”, or Underutilized”5, and must have 
primarily commercial existing zoning or existing buildings.   
 
• The requirement for proximity to mass-transit is also waived for a “Highly 
Suitable Location”.  A highly suitable location is one that has been 
identified as “a locus for high-density housing or mixed-use development 
in a local comprehensive plan, community development plan, area specific 
                                                 
4 There are also exemptions for rural village districts that are not discussed here as such locations are rarely 
suitable for large-scale smart growth projects. 
5 Substantially Developed is defined as land that is currently used for non-residential, or high density 
residential uses.   Underutilized land is developable land that would constitute substantially developed land 
but that contains land buildings, or structures that are currently underutilized.   
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plan, regional policy plan, or other plan document, adopted or updated 
after a public planning process” within five years of  submission for District 
approval to DHCD.  A District also qualifies as a highly suitable location if 
it has been designated as a DIF district (refer to Chapter 3).   
 
Density 
Chapter 40R requires zoning density in terms of three types of proposed land-
use; the density requirements are a minimum of eight units per acre for single 
family use, 12 units per acre for two or three family use, or 20 units per acre for 
multi-family residential use.  The 40R density requirements were intended to be 
low enough to fit reasonably with suburban surroundings and to not require 
structured parking.   A District is required to allow zoning for at least two different 
types of land-use6.  The developer may choose to build any mix of the allowable 
housing types in the overlay.   
 
The District may contain non-residential uses, as long as the density of the 
District as a whole meets the minimum residential density requirements.  If a 
District contains Substantially Developed Land7, that part of the District need not 
satisfy minimum allowable density requirements, providing that as-of-right infill 
development of substantially developed land is allowed under the underlying 
zoning.   
                                                 
6 CMR 59.04(3) allows towns with population of less than 10,000 persons to apply to the department for 
density reductions in order to maintain consistency with town character and groundwater discharge 
capacity. 
7This consists of land of commercial, industrial, institutional, or residential use that is at or above the 
density of the existing zoning. 
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Affordability 
There are also affordability requirements included in the Chapter 40R legislation.  
Chapter 40R requires that a minimum of 20% of the residential units shall be 
restricted to individuals and families with an income of less than 80% of AMI for 
at least 30 years.   Age-restricted housing may be included in a 40R district, 
provided that at least 25% of the units are affordable.  Chapter 40R requires the 
proposed District shall include “housing which is appropriate for diverse 
populations, including households with children, other households, individuals, 
households including individuals with disabilities, and the elderly.”  To that end, 
DHCD requires 10% of all units, and 20% of affordable units within the 40R 
district to have three or more bedrooms, except in 40R districts that include the 
option to build single-family housing. 
  
40R Regulations and Design Standards 
Chapter 40R requires towns to write an “all-inclusive”, or standalone zoning 
bylaw for the overlay that is essentially equivalent to drafting a new set of 
planning bylaws.  The 40R planning guidelines must have their own set of 
definitions, with guidelines for setbacks, dimensional requirements, parking, 
design review procedures, and so forth.  The design standards may include 
requirements to ensure that the proposed development is consistent with local 
character.  Design standards “may address scale, proportions, exterior 
appearance of buildings, the placement, alignment, width and grade of streets 
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and sidewalks, the type and location of infrastructure, the location of building and 
garage entrances, off-street parking, the protection of significant natural site 
features, the location and design of on-site open spaces, landscaping, exterior 
signs…”.  However, the municipality must demonstrate to DHCD that design 
standards don’t “Unduly Restrict8 the development of projects in the district”, or 
DHCD would deny approval of the 40R district.     
 
The 40R Application 
The 40R administrative process outlined above requires significant administrative 
process, which is reasonable given that the state could allocate millions of dollars 
to municipalities through Chapter 40R.  Developers should expect to assist 
planning departments by paying consultants to prepare the applications.   Even if 
the developer takes the initiative to do the legwork for the municipality, the 40R 
process requires municipal involvement.  This has the potential to introduce 
delays, particularly in communities with understaffed planning departments.  
Although the municipality may reward the developer’s efforts by using some of 
the 40R proceeds to pay for project related public work, it is under no obligation 
to do so.   
 
The procedure for establishing a District is as follows: 
 
                                                 
8 Defined as adding unreasonable costs or unreasonably impairs the economic feasibility of proposed 
projects in a District. 
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• The municipality establishes a plan for a District and holds a preliminary 
review to establish whether the District is appropriate for the town.  They 
are required to hold a public hearing, consider comments, and finalize 
their application materials.  The list of required application materials is 
extensive.  An overview of the required materials is as follows: 
o Plans showing the location and boundaries of the site, existing 
infrastructure, mass-transit stations, Areas of Concentrated 
Development, Highly Suitable Locations, Developable Land, 
Substantially Developed Land, and the existing zoning of the land.  
The intent of this documentation is to demonstrate that the district is 
in an eligible location, to define the district and to show the number 
of units that could be built as-of-right under the existing zoning. 
 
o A proposed residential density plan with data showing conformance 
with the requirements of Chapter 40R.   
 
o Design standards and zoning regulations for the proposed District.    
 
o A Comprehensive Housing Plan, providing an “assessment of the 
housing needs with the municipality, and describing strategies to 
meet those needs”.  It must identify the number of units that could 
be built under current and proposed zoning, and assess local 
housing needs for households in protected classes.   
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o Evidence that the municipality has held a public hearing. 
 
o A statement from the municipal engineer that demonstrates that the 
impact of the proposed zoning “will not overburden transportation, 
water, public and/or private wastewater systems, and other 
Infrastructure”.  It must describe any planned infrastructure 
upgrades to accommodate the proposed zoning. 
 
• The municipality applies for a preliminary determination of eligibility to 
DHCD. DHCD will review the application for completeness within thirty 
days.  They will then review the application for content within sixty days 
and issue a Letter of Eligibility for the site, deny approval for the site, or 
request changes to the application materials 
 
• The municipality will then address any deficiencies noted by DHCD, and 
adopt the Smart Growth Zoning per order of the town or city council, with 
approval of the mayor or city manager, or by vote of the town meeting, 
where applicable.   
 
• The municipality then submits to the DHCD proof of municipal adoption, 
and verification of any amendments required by DHCD under its prior 
review.  DHCD will then issue a Letter of Approval.   
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• The municipality may request the zoning incentive payments described 
above at any time after receiving the Letter of Approval from DHCD. 
 
2.2.1 The Workings of a 40R District Once Approved 
 
The 40R Payment Formula 
 
Once approved by DHCD, Chapter 40R provides one set of incentive payments 
to cities and towns when they create smart growth zoning overlay districts, and 
additional payments when the municipality issues building permits.  All payments 
are based on the number of units that are permitted/built over and above the 
number of units that could have been permitted under the existing zoning.  Table 
2-1 summarizes the payment schedule for units that could potentially be built as-
of-right under the new zoning when a District is approved.  “Density bonus 
payments” are a one-time payment of $3000/unit that the municipality is eligible 
to receive once the number of issued building permits exceeds the number of 
units that could have been built under the underlying zoning.   
 
Table 2-1 – Incentive Payments 
Incentive Units Payment 
Up to 20 $10,000 
21 to 100 $75,000 
101 to 200 $200,000 
201 to 500 $350,000 
501 or more $600,000 
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Approvals for Development in a 40R District under the Plan Review 
Process 
Municipalities are allowed to include the requirement for a plan review process in 
their 40R district regulations.  Once the municipality establishes a 40R district, a 
developer would be required to submit plans that demonstrate conformance with 
the 40R design standards, but would not be required to go through public 
hearings.  Municipalities would only be allowed to deny approval to projects 
under the following circumstances:   
 
• The developer’s plans are not compliant with 40R zoning. 
• The developer did not submit the required information or fees. 
• It is impossible to adequately mitigate significant adverse impact of 
development on nearby properties. 
 
Chapter 40R includes a “developer-friendly” appeals process for denials of 
permits related to the plan review.  The appeals process was designed to prevent 
municipalities from collecting 40R proceeds and then using the plan review to 
block development9.  Under the appeals process, the municipality holds the 
burden of proof for justifying a decision to deny.  Denials are unlikely to be 
upheld for mitigation because the municipality must show significant adverse 
impacts on the surrounding community.   Abutters who appeal a municipality’s 
                                                 
9 Municipalities would benefit from more than just the 40R proceeds by trying to “play the system”.  By 
establishing a credible plan for creating new housing through a 40R district, a municipality could mount a 
better defense in the Housing Appeals Committee, which governs appeals related to the 40B process.   
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decision to issue a permit must demonstrate municipal abuse of discretion, and 
must post a bond equal to twice the developer’s expected carrying costs and 
attorney’s fees during the appeal process. 
 
Appeals for denials of other permits required by town bylaws are not covered 
under the 40R appeals process.  These permit denial appeals are governed by 
the typical appeal process, which is less developer-friendly.   However, the 40R 
application process is designed to limit the extent to which a municipality could 
block a development plan by failing to issue permits required by conservation 
(wetlands), board of health, historic preservation or other town committees.  The 
40R application requires certification from the municipality’s engineer that the 
existing infrastructure can handle the proposed density in a 40R district.  The 
municipality is also required to delineate wetlands and to describe the nature and 
location of historic structures in their application materials.  Municipalities would 
therefore have a somewhat challenging case to make if they intend to use 
permits required by non-zoning local bylaws as a pretext for stopping 
development that they find objectionable.   Municipalities are allowed to limit 
issuance of permits in a 40R district only for the purpose of coordinating the 
phasing of development with planned infrastructure construction, which would 
presumably be governed by schedules contained in the 40R application to 
DHCD.  
 
2.3   Chapter 40S: Program Description, Requirements & Administration 
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Governor Romney signed the Chapter 40S legislative bill in November 2005 and 
regulations have yet to be written.  The bill is intended to provide “insurance” to 
towns that holds them harmless from the costs of educating schoolchildren who 
move into developments made possible by Chapter 40R Districts.  The bill calls 
for towns to be reimbursed for the difference between actual costs of educating 
students living in the district and the share of taxes created by the development 
that should be allocated to education.  
 
The formula for school cost reimbursements under Chapter 40S is as follows: 
 
Reimbursement = total education costs for eligible students – (smart 
growth tax revenues for education + state aid for eligible students) 
   Where:  
Total education costs for eligible students = The number of students 
living in the District  x average actual net school spending per child in the 
District. 
Smart growth tax revenues for education = education percentage x 
(smart growth property taxes + smart growth excise taxes) 
Education percentage – The statewide average of the ratio of total 
education expenditures to total municipal spending10.   
                                                 
10 It is worth noting that although the total education cost for eligible students is calculated based on the 
districts actual spending per child, the smart growth tax revenue for education is calculated using the 
education percentage, which is a statewide average.  Therefore a community that spends a relatively large 
amount of its total expenditures on education in comparison to the statewide average may have more 
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State Aid  - The amount of Chapter 70 aid allocated by the Department 
of Education to the municipality x the number of eligible students.   
 
The formula will insure communities to a certain extent against added the cost of 
adding schoolchildren, but much depends on the particular situation in the 
schools.  If schools are not near capacity, the municipality may benefit slightly 
from the 40S funds compared to the marginal costs of adding a few more 
children.  However, if schools are close to capacity, the 40S funds will be 
insufficient to cover the costs of expanding schools or hiring additional staff.  
Skeptics of the program question the extent to which funding for the 40S program 
will actually occur. 
 
The implementation of the program requires a significant amount of 
administrative work as described below: 
 
• When a District is formed, DHCD creates a list of all addresses (Address 
List) within the District, which is given to the municipality and to the 
Department of Education.   
 
• The municipality appoints a smart growth reporting officer.  At the 
beginning of each fiscal year the reporting officer gives the list to the 
school superintendent who makes a list of all students living in the District.   
                                                                                                                                                 
incentive to establish a District (because the sum of its education tax revenue and its c.40S reimbursements 
will be greater than its actual education costs) and vice-versa.    
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The reporting officer forwards the information to the Department of 
Education, which provides the reporting officer with the total education 
cost and total state aid for eligible students.   
 
• The tax assessor provides the reporting officer with a list of all commercial 
and residential property in the District, the number of vehicles within the 
District and the excise tax paid on each vehicle.  The reporting officer is 
required to forward the list of vehicles and excise taxes paid to the 
Registry of Motor Vehicles for confirmation.  The tax assessor then 
calculates excise tax revenues and property tax revenues. 
 
• The reporting officer forwards the request for funds and required 
documentation to the Commissioner of Revenue, who issues a payment to 
the municipality.   
 
2.4 The Relevance of Chapter 40R/S to Large-Scale Smart Growth 
Projects 
 
2.4.1 Municipal Concerns with 40R  
 
Once a 40R district is established, municipalities maintain some form of 
discretionary control over the nature of future development through public 
hearings required to establish the district, through 40R design standards, but 
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they lose absolute control to deny permits.  As Ted Carmen, the principal initiator 
of the 40R program notes, establishing a 40R district is a political process that 
requires a majority vote of the town meeting, or city council.   He says that 
through neighborhood meetings and the public hearing process, all of the issues 
that typically get resolved under a special permit could be dealt with before or 
during public hearings, and certainly before the municipality votes to adopt the 
district.  He states that the 40R process changes the timing of when the 
developer and town face these issues, but it doesn’t take away their ability to 
deal with them.   
 
Theoretically, the municipality may be able to write design standards based on 
information gathered from neighborhood meetings and public hearings as a 
means of ensuring that future development will be consistent with neighborhood 
character.  This requires the community, the planning department and the 
developer (if involved) to anticipate any and all issues that would come up during 
the special permitting process.  The municipality must also draft zoning 
regulations that are flexible enough to maintain feasibility and to avoid being 
judged as unduly restrictive of development by DHCD.    Also, if an issue is 
overlooked during the 40R application process and is later discovered during the 
plan review, the municipality has limited ability to block the development (refer to 
Sec. 2.2). 
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Another drawback of the 40R program from a municipal viewpoint is that it is a 
stand-alone zoning bylaw with its own complete set of definitions, regulations, 
procedural requirements, etc.   Creating a 40R district application complete with 
a new set of zoning regulations may be burdensome even to well staffed 
municipalities with financial assistance from an interested developer or state 
grant programs.  Another problematic issue for planners is that changing the 40R 
regulations is a bureaucratic process requiring state approval.    
 
2.4.2 Scenarios Under which 40R Districts are Likely to be 
Established 
Critics of the 40R program think that it is unreasonable to expect that, even with 
the cooperation of neighborhood groups and the developer, planners can 
successfully draft zoning regulations that will successfully anticipate and resolve 
all of the issues that would eventually be raised in the back-and-forth workings of 
the special permitting process.   They argue that if drafting such high-density 
zoning regulations were so easy, city planners in Boston would rely more heavily 
on written high-density zoning bylaws, instead of using the special permitting 
process.  In their view, 40R districts will be “developer-driven” and will occur 
mainly in cases where the municipality already lacks control over planning 
because a 40B development is imminent, or in urban locations where the highest 
and best use of the site requires density that exceeds that required by 40R.  
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On the other hand, proponents of 40R believe that once the program is well 
understood, it is reasonable to expect that developers, municipalities and 
neighbors could follow an informal special permitting process leading up to 
establishment of a 40R district (referred to as the Public-Private 40R).  True 
believers in 40R might even go so far as to claim that a significant number of 
municipalities will establish 40R districts without the involvement of an interested 
developer. The following discussion explores the Developer-Driven 40R, the 
Public-Private 40R concept and the Municipal Driven 40R concept.   
 
Developer-Driven 40R Districts 
 
In the developer-driven scenario the initiator for creating 40R districts is 
development that is already in the pipeline, and would occur even without a 40R 
district.  It is not, as intended by the legislators, a process by which proactive 
planning leads to more development.     Developer-driven 40R districts are likely 
to be the first 40R districts established, because in the short run, planners are 
unlikely to invite development and sacrifice any measure of control by 
establishing as-of-right zoning under 40R for the relatively small incentive 
payments available.   In the words of one housing agency employee, “initially the 
establishment of 40R districts will be closely linked to development proposals”.    
Many of those who led the effort to create the 40R program state that they expect 
developer-driven 40R districts until municipalities become comfortable with 40R.  
Developer-driven 40R districts could occur in either urban or suburban locations, 
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but can only occur in cases where the underlying zoning hasn’t yet been 
amended to allow a high-density use.    
 
Urban locations: City planning departments could combine the special permit or 
PDA approvals and 40R application processes as a means of obtaining 40R 
incentives while maintaining tight control over planning issues.  This scenario is 
only possible for sites that have a highest and best use that exceeds the 
minimum density requirements of 40R.  In this scenario, the city will establish a 
40R district, but the developer will have to rely on the PDA or special permitting 
approval to obtain the level of density that they really expect.  In this manner the 
municipality can collect 40R proceeds while knowing that the highest and best 
use of the site requires special permitting approvals.   A problem with the urban 
40R is that it imposes an affordability requirement that is higher than that of 
inclusionary zoning, which is a large burden on developers and consumers of 
market-rate housing (refer to Sec. 2.3.3).    
 
Suburban locations: It is likely that municipalities will establish the first 40R 
districts as a result of an imminent 40B development.  A 40R is a good 
alternative to 40B development in many cases because 40R provides both the 
developer and the town with incentives to cooperate with each other.  The 
municipality has an incentive to make concessions to receive the carrot of 40R 
payments and 40S funding, rather than the stick of having a 40B “jammed down 
their throat.”  The municipality’s fear of losing planning control with a 40R should 
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be of minimal concern because they have even less control over a looming 40B 
development.  Developers have an incentive to cooperate with the town, rather 
than to pursue a 40B plan because the 40R/S incentives could lubricate the 
permitting process and reduce the likelihood of litigation expenses and protracted 
delays in the Housing Appeals Committee (HAC).   The HAC is the authority that 
rules whether a town was reasonable in its decision to deny a comprehensive 
permit for a 40B, or in the conditions that it attached to its review of the permit.      
Developers may also find 40R projects appealing because they are not subject to 
profit limits as are 40B developments11.   
 
The 40R district may not be capable of breaking an impasse between the town 
and the developer if they have significant differences in their expectations for a 
reasonable compromise on density.  The developer will likely choose to go the 
40B path if they have a reasonable expectation of achieving higher density with a 
40B than the municipality would wish to include in the 40R overlay.  In the 
suburbs, this is likely to occur in a 40R district that includes zoning for single 
family (8 units/acre) or 2-3 family use (12 units/acre), but not multi-family use (20 
units/acre).  
 
A prominent local real estate attorney cautions developers to carefully weigh the 
decision to follow the 40R path rather than 40B in the developer-driven situation.  
Chapter 40B, unlike 40R, allows developers to waive town bylaws in favor or 
                                                 
11 Chapter 40B limits profit to a “reasonable return”.  A figure of 20% of total development costs (including 
land) for for-sale housing is often used.   
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generally less stringent state regulations (septic, wetlands, historic preservation 
etc.).  He recommends that developers ensure that all water, sewer, wetlands, 
historic preservation, and mitigation issues are resolved before deciding to 
pursue the establishment of a 40R district instead of filing a comprehensive 
permit under Chapter 40B.  If a town is not firmly supportive of the 40R plan, the 
developer might embark on a lengthy process only to find his or her development 
plans blocked by these town committees.   Refer to Sec. 2.2.1.   
 
The Public-Private 40R 
Mr. Greg Peterson, an attorney who assisted the state in drafting the 40R 
regulations, suggests that municipalities consider using the 40R program much in 
the same way that the City of Boston uses the Planned Development Area (PDA) 
process.  In this scenario, which he considers a “golden opportunity to plan”, the 
municipality would identify areas where high-density development is most 
appropriate, and informally invite developers or landowners to consider 
development opportunities and explore feasible options.  The developer could 
gain enough comfort with the site and its neighbors to acquire site control, and 
the planning department, developer and neighborhood groups would then have 
the opportunity to work out an acceptable concept.  The 40R design guidelines 
would then be written to suit the development project.  This collaborative 
approach would allow the community to control the planning process to a certain 
extent, but would result in design guidelines that do not unduly restrict the 
feasible development of the site.   
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The notion of a public-private 40R in the suburbs assumes that towns will 
willingly invite development into their boundaries for small incentive payments.  
This assumption appears unrealistic, except for towns that have some other 
reason for wanting to create more housing.  The most likely candidates for the 
public-private 40R are located in towns that are prime targets for 40B 
development, and that have a reasonable chance of increasing their affordability 
to the 10% level.  These towns might choose to establish a 40R district in an 
area that has limited impact on abutters in order to preclude 40B developments 
in other areas where high-density development is less desirable.  A town that has 
a very low affordable housing stock (e.g. 2%) might consider the public-private 
40R in order to show the state that they are serious about creating housing and 
to thereby gain favor in the HAC.   
 
For towns that wish to dramatically increase their affordable housing stock, a 
combined 40B/40R may be appropriate.  Towns sometimes use a “friendly 40B” 
rental development12 to achieve this goal, because in a rental 40B development, 
unlike a 40B homeownership project, all units (including market-rate), may be 
counted as affordable.  In order to claim the rental units as affordable and to 
obtain 40R and 40S funding, a municipality would establish a 40R district, within 
which the developer would file a comprehensive permit for a 40B development.  
The site would be eligible for 40R/40S funding as long as the comprehensive 
                                                 
12 Needham has supported a friendly rental 40B, and Framingham may be using a similar approach. 
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permit has not been issued prior to the municipality’s submission of the 40R 
application. 
 
Municipal-Driven 40R 
In this scenario, the municipality would establish the 40R district without the 
involvement of an interested developer.  Municipalities could establish 40R 
districts for the above described motivation of reaching the 10% affordability level 
required to preclude future 40B development.  Alternatively, they could establish 
40R districts in areas that aren’t likely to be developed in an effort to establish 
their defense in the HAC (by showing that they had alternative plans for creating 
affordable housing).  Without the involvement of an interested developer, even 
well-intentioned municipalities could easily create conditions that preclude the 
highest and best use of the site, or that limit the extent to which a site is feasible 
to develop.  
 
2.4.3 Affordability Requirements and the “Hybrid 40R” Strategy 
 
The affordability requirement of 40R is unlikely to pose problems for projects 
located in the affluent suburbs where the alternative is a viable 40B development.  
However, for projects located in transitional markets with relatively low-priced 
market-rate units, or for sites with other obstacles to feasibility, the 20% 
affordability requirements of 40R could be “unduly restrictive”.  For these 
generally urban sites, the alternative to a 40R is rezoning under a special permit 
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with inclusionary zoning requirements (13% affordability at 80-120% of AMI in 
Boston).   On such projects there may be a conflict between the municipality’s 
desire to collect 40R proceeds and the developer’s inability or unwillingness to 
provide 20% affordability.   
 
Consider a parcel of land that would likely achieve a certain density under 
rezoning, based on neighborhood and planning constraints.  For a large 
redevelopment of formerly commercial land, 40R has the potential to create 
significant funds for the municipality. A project that will create 1000 units of 
housing has the potential to create 40R proceeds of $3.6 million.    Even if they 
agree to allocate some of the funds to pay for infrastructure to support the 
project, the municipality would benefit handsomely from the remainder.   
 
The developer on the other hand, would be required to build more affordable 
units, and at lower income definitions of affordability, than under inclusionary 
zoning (if any).  In fairness, the developer should be allowed higher density with 
a 40R overlay than they could otherwise have realistically been expected to 
achieve through special permitting in order to cross-subsidize additional 
affordable units.  In reality, however, neighborhood opposition or other 
constraints will likely limit density bonuses.  Assuming that 40R requires 7% 
more units than under inclusionary zoning, a project  that creates 1000 units of 
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housing would be required to build an additional 70 units, at a loss of at least 
$150,000 per affordable unit13, or $10.5 million.   
 
In the event that density bonuses alone cannot make the project feasible, the 
creative use of a 40R district, together with rezoning, could provide the 
municipality and the project with 40R funds at no detriment to the developer.  
This concept, which I refer to as the “hybrid 40R” is consistent with any of the 
scenarios under which municipalities are likely to establish 40R districts.  In the 
previous example, inclusionary zoning would require 130 units of affordable 
housing.    All 130 affordable units would then be built on a 40R district that 
would be established only on part of the site, together with 520 market rate units 
(to create 20% affordability) for a total of 650 units within the 40R district, and 
$2.55 million in proceeds.  The other 350 units could then be built on the site, 
outside the borders of the 40R district.   The boundaries of the 40R district could 
be established in such a manner as to avoid stigmatizing the affordable 
population in any part of the site.  While the Hybrid 40R concept effectively 
dilutes the state’s requirement of 20% affordable housing, the 40R program is a 
voluntary process.  Municipalities have every right to create a 40R district that 
exists on only part of a site, and to choose to forgo the maximum benefits 
available under the program.    
 
                                                 
13 Per the BRA, 2005 pricing of for-sale units in the Greater Boston area at 80% of AMI was $155,200 for a 
one-bedroom, $172,500 for a two bedroom, generally at least $150,000 below market value in even the 
softest markets. 
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Other strategies for minimizing the burden of affordable housing required under 
40R are to pursue the UCH-TIF or DIF programs described in Chapter 3, or the 
affordable housing subsidies and strategies described in Chapter 4.   
 
Table 2.2 summarizes the pros and cons of establishing a 40R district from both 
the public and private perspective.  
 
Table 2.2 – The Pros and Cons of a 40R District 
Developer Municipality 
Pros Cons Pros Cons 
Possible allocation of 
40R funds to 
infrastructure or to 
offset the developer’s 
mitigation costs.  
Developer will likely 
incur costs to assist 
the municipality in 
establishing a district 
and obtaining funds 
without assurance 
that the funds will be 
used to offset 
mitigation costs, or 
pay for infrastructure 
to support the 
project.   
Potential for 
significant funding 
from the state, 
particularly for large 
projects. 
Potential loss of 
control over planning 
process.  As-of-right 
zoning for high-
density residential 
without special 
permitting 
procedures requires 
40R design 
guidelines to 
anticipate issues that 
would be dealt with in 
special permitting.  
Without a developer 
involved this could 
create a site that is 
not feasible to 
develop, even as-of-
right. 
Potentially higher 
density than might be 
achievable through 
rezoning. 
In urban locations, 
where the alternative 
is rezoning, the 
higher level of 
affordability under 
40R versus under 
inclusionary zoning is 
a huge cost to the 
project, and may 
make it infeasible.  
Chapter 40S 
provides damage 
mitigation from a site 
that is likely to be 
developed as a 40B 
project. 
 Bureaucratic 
procedures for 
establishing a 40R 
district and 
substantial 
administration 
required to maintain 
records.  Stand-alone 
zoning means that 
subsequent changes 
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Costs of getting a 
40R district may be 
similar to rezoning.   
Going for a 40R 
designation can 
induce delays, 
particularly in cities or 
towns with limited 
planning resources. 
Provides an alternate 
to 40B to create 
affordable housing, 
albeit with similar 
loss of control, but 
with some limited 
benefits. 
to zoning code don’t 
affect 40R district’s 
zoning rules.  
 
2.5 Chapter Summary & Conclusions 
 
• Chapter 40R and 40S create a significant incentive for municipalities and 
developers to work together, but only in cases where the municipality has 
a strong incentive to create high-density housing.  In suburban locations 
the incentive would be to preclude future 40B development.  In urban 
locations, where high-density is already palatable, the 40R proceeds are 
significant in their own right.    
 
• In the short run, 40R districts are likely to be established mainly on sites 
that would otherwise have been developed through other means 
(Developer-Driven 40R).  These include sites with imminent 40B 
development in the pipeline or urban areas going through a PDA or 
special permit process.    
 
• In the longer term, municipalities may identify sites, and invite developers 
to explore the possibility of creating high-density development where they 
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consider it to be most appropriate.  This could occur in suburban towns 
that want to take proactive measures to increase the size of their 
affordable housing stock to the 10% level to preclude future 40B 
development (public-private 40R).   
 
• The 20% affordability requirement of 40R is unduly burdensome for sites 
located in municipalities that already have 10% affordability levels.  It 
imposes an affordability requirement that is far more costly (compared to 
inclusionary zoning) than it delivers in 40R proceeds to the municipality.  
In these cases, developers and municipalities could benefit from the 
“hybrid 40R” approach. 
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Chapter 3 – DIF, UCH-TIF, TIF, and 40T Special Development Districts 
 
3.1 Introduction 
 
This chapter introduces three existing and one proposed program that are 
intended to allow municipalities to promote development by financing 
infrastructure related to a specific project or district through the creative use of 
future property taxes from that property.  The Chapter describes the programs 
and the administrative process that municipalities must follow to create them.  It 
describes the manner in which several projects in Massachusetts have recently 
used the programs.  It goes on to examine considerations for municipalities and 
developers who are considering using the programs for their projects, and for 
smart growth projects in particular.  It includes some special considerations for 
projects that include housing, for projects that have special costs associated with 
parking structures, and for 40R projects (refer to Chapter 2).  The chapter 
focuses on providing information and strategies for developers who are seeking 
municipal backing of these programs on their project.   
 
Overview of the Programs 
 
All of the incentive programs are variations on tax-increment-financing (TIF), 
which exists in 45 states and has been in widespread use since the 1980’s.  The 
intent of these programs is to allow municipalities to capture the immediate 
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economic benefits and future tax revenues from sites that would not otherwise be 
developed because of a lack of infrastructure or other public work that could not 
feasibly be funded by the developer.  They are intended as an antidote to the 
delays associated with traditional sources of funding for infrastructure, such as 
state and federal appropriations processes.   All of the programs contain 
mechanisms for creating a zone within multiple contiguous municipalities.   
 
In these programs, municipalities may elect to exempt all or part of the future 
value created by development from property taxes for an agreed upon period.  
This added value, called the Increment, is calculated as the difference between 
the Base Value (assessed value for the most recent fiscal year prior to the fiscal 
year in which the property is eligible for exemption), and the assessed value in 
future years.  The Base Value may be adjusted for inflation, and the share of the 
Increment that is exempt often decreases over the term of the exemption period.  
 
The programs differ in terms of whether they allow for bond issues.  In 
Massachusetts, the TIF programs provide tax abatements to the developer with 
the expectation that they will use the funds to privately finance infrastructure.  
The DIF and special development district programs allow issues of bonds that 
would be serviced by a dedicated portion of property taxes or assessment fees.  
These programs are limited to improvements that create public benefit and 
should create only incidental benefits to private developers. 
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The programs also differ in terms of the targeted development product type and  
the entity that bears the credit risk for repayment of bond debt.  The TIF program 
is intended to spur commercial development.  The DIF program is intended for 
situations where the municipality has enough confidence in the proposed 
development plans to finance residential and commercial development by issuing 
bonds, which may or may not be backed by the full faith and credit of the 
municipality.  The UCH-TIF program is a tax abatement program similar to the 
TIF program, but it is intended specifically for housing in urban centers, rather 
than for commercial development.  Chapter 40T is currently a proposed 
legislative bill that would allow “special districts” to dedicate special assessment 
fees to pay bond debt for infrastructure.   The tax-exempt bond debt would be 
secured through liens on the property, which shifts the credit risk from the 
municipality to the land owners.  
 
Figure 3-1 describes the mechanics of a TIF or DIF.   
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Fig. 3-1: Allotment of property taxes in a TIF  
(From Massachusetts Office of Business Development) 
 
3.2 District Improvement Financing – Program Description 
 
The Massachusetts District Improvement Financing (DIF) legislation, contained in 
MGL c.40Q, and regulated by 402 CMR 3.0, enables cities and towns to 
encourage residential or commercial development in a particular geographic area 
by issuing bonds to finance public works or infrastructure.  The DIF program, 
which is administered by the Massachusetts Office of Business Development 
(MOBD) allows municipalities to “capture” the Increment (referred to in the DIF 
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legislature as Captured Assessed Value), and to redirect it to pay for municipal 
improvements in two ways.  Either the Captured Assessed Value can be used on 
a year-to-year basis to pay for ongoing municipal projects to support 
development, or it can be estimated in advance and pledged to repay debt for 
bonds issued early in the life of the development.  The municipality may create a 
DIF in partnership with an interested private developer, or it may pursue the DIF 
program independently, with the expectation that the program will create the 
conditions necessary for development.  
 
In a certain sense, the DIF program is just a tool that makes municipal financing 
of infrastructure and tax incentive programs easier to justify to taxpayers.  The 
DIF program allows municipalities to tell taxpayers that they are not subsidizing 
developers because property taxes on a specific property are “dedicated” to 
paying bond debt that is specifically linked to a certain project.   Instead of going 
through the hassle of floating DIF bonds, a municipality could more easily issue 
municipal bonds to pay for the same infrastructure, which would be repaid by the 
same increase in property tax revenues.    This view, however, ignores one 
important benefit of the DIF; by requiring bond underwriting and public hearings 
related to a specific project, the DIF forces the municipality to carefully consider 
the project and to appropriately link the amount of public support provided to the 
value of development created.   
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Under the DIF statute, the tax increment may be used to pay for a fairly broad 
range of infrastructure and public works projects that involve a clear benefit to the 
public.  Acceptable uses of funds include planning and designing the 
development program, acquiring, clearing, or improving land, remediating 
brownfields, or building roads, parks, schools, and utilities.  In order to issue 
bonds, all or part of the development district must be designated as an “Invested 
Revenue District” in the development program.    
 
A DIF program requires approval of a “development district” and a “development 
program” by the municipality as well as state approval through the Economic 
Assistance Coordinating Council (EACC).  Unlike many TIF programs, the DIF 
statute contains no requirements that the targeted district be blighted, decadent 
or substandard.  However, the EACC requires evidence that the proposed 
development program will result in improved quality of life, quality of physical 
structures, pedestrian and vehicular traffic, and transportation, and that it will 
result in increased residential, commercial or industrial activity in the 
Commonwealth.   The EACC review is intended to assess the economic viability 
of the plan, to ensure that there is a real public benefit and to confirm that the 
anticipated development activity is likely to occur as planned.   
 
The DIF Statute also provides the municipality with powers to create 
development activity.  Under DIF, municipalities may acquire land within an 
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approved development district by eminent domain, and may pursue public works 
projects on the land.  The maximum term of the DIF is 30 years. 
 
3.2.1 DIF Bond Underwriting and Implications for Municipal Finance 
 
The true “acid-tests” of a DIF plan’s financial viability take place during review by 
municipal financial managers and then by Wall Street bond underwriters.  
Municipalities may issue either general obligation bonds backed by the full faith 
and credit of the municipality or revenue bonds that are not backed by the 
municipality.  Revenue bonds carry a higher interest rate, may require a Letter of 
Credit from a financial institution and may not attract investors.  Municipalities 
may issue tax-exempt or taxable bonds.  Most municipalities choose to issue tax-
exempt general obligation municipal bonds (refer to 3.7.3 for a discussion of 
taxable bond financing).  These bonds are able to attract investors at an interest 
rate, which is determined by the municipality’s credit rating.  Bond underwriters 
will carefully examine the DIF plan, particularly for issuance of special revenue 
bonds.  For revenue bonds, the municipality will often be required to provide 
additional guarantees.  If the developer can reduce uncertainty about future 
anticipated development by providing letters of intent or signed leases, they will 
be more successful in helping the municipality obtain low interest lending rates 
and borrowing capacity that translate to more capital for infrastructure work.   
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In order to attract investors at favorable rates and to ensure that the municipality 
is not forced to levy a special tax to pay bond debt, municipalities and bond 
underwriters use conservative financial projections and assumptions in deciding 
the amount of DIF bonds to issue.  This is a process that requires participation 
from the municipality, bond underwriter, and developer.  First, the team projects 
the increment using conservative assumptions of economic development, based 
on as many commitments as possible from the developer (refer to Sec. 3.7.3).  
They then reduce the increment by some factor of safety.  For instance, if a 
municipality intends to grant a 100% exemption on the increment, bond 
underwriters will require between $1.15-$1.75 in expected incremental value for 
each dollar of required bond debt service.  The factor will depend on the specifics 
of the plan, the likelihood that the expected development will actually occur, the 
credit rating of the municipality, and the desired interest rate.   
 
The effect of these conservative assumptions is that a municipality can expect to 
obtain some tax revenue, even from a project with a 100% exemption of the 
captured assessed value.  This is particularly true during later years of the DIF 
when more value has been created by development.  The statute requires that 
municipalities create a DIF fund.  The collected captured assessed value funds 
flow into the DIF fund and debt service is paid out of it.  At the end of each fiscal 
year, the municipality may transfer excess money from the DIF fund into the 
general fund, provided that all debt service has been paid.   
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Methods for covering bond debt service before the incremental value of 
development is created  
 
DIF bonds are typically issued at the beginning of a development project, but the 
incremental value of development will not be created until construction ends.  
Municipalities may issue bond anticipation notes during the construction period, 
which are short term promises to repay principal and accrued interest (capitalized 
interest) that are repaid or “taken-out” upon issuance of long term bonds.  During 
the lease-up phase, the property may not produce enough cash flow to support 
reallocated tax payments that cover long-term bond debt service payments.  
Municipalities may issue long term bonds that are large enough to cover not only 
the improvements, but also the early years of long term bond debt service.  
 
3.2.2 The Administrative Process of Creating a DIF 
 
The following is a brief description of how a DIF district and program are enacted: 
 
• The municipality designates a public or private entity responsible for 
developing a proposed district.  The district may consist of non-contiguous 
parcels, but is limited to a maximum of 25% of the total area of the city or 
town.    
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• The municipality must hold public hearings prior to approving a 
development district or program.   
 
• The proposed development district and development program documents 
must be submitted to the governing body of the municipality.  These 
include: 
 
o Documents describing the development district14: Plans describing 
the boundaries of the development district, and showing 
topography, existing buildings, existing zoning, easements and 
infrastructure.  Documents must describe the current assessed 
value of all property and describe the boundaries of, and property 
ownership within the reinvestment district (if used).  The documents 
must describe pre-existing TIF or UCH-TIF agreements and the 
impact of the DIF district on these agreements.  
 
o Documents describing the development program14:  The 
documents must describe the objectives and means of the 
program.  It must describe all proposed development activity by 
both public and private entities, as well as the proposed use of 
land, and proposed zoning and/or rezoning of land within the 
district. It must describe proposed infrastructure work, and 
                                                 
14 This is a brief summary of a very extensive list of documentation required.  For the full list, refer to 402 
CMR 3.06 (2) and 3.08(3). 
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proposed acquisitions and dispositions of land by the municipality.  
It must include a description of buildings to be demolished, 
renovated, or newly constructed, and a description of street-
scaping and beautification efforts of the project.  A description of 
impact on transportation facilities (outside the district) is required as 
well as a statement describing how the proposed development will 
improve overall quality of life, the building stock, pedestrian and 
vehicular traffic and transportation facilities within the district.  The 
documents must provide an estimate of the number of jobs created, 
retained and eliminated as a result of the development program 
with an estimate of associated wages.  A detailed financial plan is 
required that identifies sources of revenue required to pay for all 
project costs.  Estimates and projections of the Original and 
Captured Assessed Value must be included, as well as details on 
how the portion of the Increment will be applied to the development 
program in each year.  The municipality must include a statement 
describing how projects will be funded, in whole, or in part, through 
tax increments as well as a description of bond or other debt 
obligations to be issued.   A description of affordable and market 
rate housing to be created is required.   If the municipality is 
contemplating acquisition of land through eminent domain they 
must submit a statement describing the proposed use of eminent 
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domain.   A schedule for the DIF program must be included, with 
detailed schedules for all proposed development activity.   
 
• The development district and program must be enacted per order of the 
city or town council with the approval of the mayor or city manager, or 
must be approved by vote of the town meeting where applicable.   
 
• After approving the district and program, the municipality then applies for 
EACC approval.  EACC reviews the development district and program 
documentation, with assistance from other departments15, where required.  
The EACC review is intended to ensure that the documentation is 
complete, that municipal approvals are legal, that it is reasonably probable 
that the district will “significantly further the public purpose of encouraging 
increased residential, industrial, and commercial activity in the 
Commonwealth”.  The EACC review will look for evidence that “the 
development program will improve quality of life, the physical structures 
and facilities, the quality of pedestrian and vehicular traffic and 
transportation within the district”, and that the financial plan, development 
strategies, and other project plan have a reasonable probability of 
achieving the stated goals of the development program. 
 
                                                 
15 The Massachusetts Office of Business Development (MOBD), The Department of Housing and 
Community Development (DHCD) in particular, but EACC may receive assistance from any other state 
agency.  
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• The development district and program do not become effective until 
approved by EACC.  
 
3.3 Tax Increment Financing – Program Description 
 
The Massachusetts TIF legislation, is part of the state Economic Development 
and Incentive Program (EDIP) and is described in 760 CMR 22.  It is intended as 
an incentive program for commercial and industrial development, rather than for 
housing, and is included in this chapter mainly because the TIF serves as the 
basis for UCH-TIF.  The TIF is applicable to smart growth development projects 
only insofar as they are mixed-use developments that contain a separate and 
distinct commercial area.   The Massachusetts TIF legislation was created as a 
tool for development of “blighted” sites that are not feasible to develop “but-for” 
the TIF incentive.   In order to qualify as a TIF Zone, a parcel or parcels must be 
located in a Blighted Open Area, in a Decadent Area, or in a Substandard Area16.    
 
The TIF is intended to promote development of zones that present “exceptional 
opportunities for economic development”.  This program is more limited in scope 
than the DIF program, as it essentially allows a municipality to negotiate a tax 
abatement with a property owner for all or part of the Increment for a period of up 
                                                 
16 760 CMR 22 defines a Blighted Open Area as one that is “unduly costly to develop soundly through the 
ordinary operations of private enterprise” for reasons ranging from site topography to infrastructure.  A 
Decadent area is one “which is detrimental to the safety, health or sound growth of a community” for 
reasons ranging from abandoned or physically deteriorated buildings, to economic conditions, 
environmental reasons.  A Substandard area is similar to a Decadent Area.   In practice, the state has been 
flexible in its definitions of these areas for projects that create economic development. 
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to 20 years.  It does not allow a municipality to reallocate the increment towards 
paying debt service on bonds issued to publicly finance infrastructure.  Rather, 
the intent of the program is for the developer to use the tax abatement to 
privately finance the public infrastructure work.  The TIF is appropriate for 
situations where the municipality recognizes the need to provide incentives for 
commercial development, but does not wish to take the credit risk on the bond 
debt.   
 
The EDIP program also contains ancillary tax incentive programs for “certified 
projects”.  Certified Projects are businesses that relocate into an Economic 
Opportunity Area (EOA), which are defined by the state.  These businesses can 
receive investment tax credits (ITC) from the state sales tax for qualifying 
depreciable assets, which generally include Tenant Improvement costs.  There is 
also a ten percent abandoned building tax deduction for the costs of renovating 
abandoned buildings within an EOA.     
 
The following summarizes the TIF process: 
 
• The city or town designates a TIF Zone. The municipality must be within 
an Economic Target Area (ETA), which includes Boston and several 
surrounding communities.  The TIF zone must be within an Economic 
Opportunity Area, or must be designated by the Director of Economic 
Development as “presenting exceptional opportunities for increased 
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economic development”.  The Director’s designation must usually be 
preceded by municipal and EACC concurrence that the area is blighted, 
decadent or substandard.   
 
• The municipality prepares a TIF Plan.  The plan must describe: 
 
o The geographic boundaries and ownership of properties within the 
zone, and the scope, budget, financing arrangements, and 
schedule for public and private projects proposed for the zone.  It 
must authorize tax increment exemptions from property taxes (up to 
20 years), and include executed TIF agreements with property 
owners.   The TIF Plan must demonstrate that there is sufficient 
likelihood that development of the TIF Zone will result in a net 
economic benefit to the municipality.   It must describe all Special 
Assessment taxes or Betterment taxes.  
 
• The municipality must adopt the TIF Zone by a vote of City Council with 
approval of the Mayor or through a board of Selectmen.   The municipality 
then executes agreements with the property owners that bind them to 
develop and maintain the proposed projects. 
 
• The municipality then submits the TIF Plan to EACC for approval.  EACC 
will issue approval if they find there is a high likelihood that the TIF Plan 
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will result in economic benefit to the community that will increase industrial 
and commercial activity in the Commonwealth.   
 
3.4 Urban Center Housing Tax Increment Financing – Program 
Description 
 
The UCH-TIF statute, passed in 2004, allows municipalities to provide tax 
abatements to rental housing projects, much like the TIF program provides to 
commercial developments.  The program is regulated by 760 CMR 58 and is 
administered by the state Department of Housing and Community Development 
(DHCD).  DHCD is currently working on a set of program guidelines to be 
published in the near future.  UCH-TIF is intended as an incentive for new 
market-rate and affordable housing production in existing commercial centers.  
While DHCD has stated that it would entertain the possibility of applying a UCH-
TIF to a condominium development, the program was designed to support rental 
housing projects and does not appear relevant to condominium projects.   
 
The UCH-TIF program contains three basic stipulations.  First, the new 
development may include commercial buildings, but must be primarily residential 
in nature.  Second, a minimum of 25% of the residential units must be restricted 
to households earning less than 80% of AMI for 40 years.  DHCD recognizes that 
this percentage may be too high for many projects, and will approve a lower 
percentage of affordability in order to make the project feasible.   
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The new development must be located in a commercial center.  A commercial 
center is defined as an area used primarily for commerce or business, that has 
relatively high population, traffic, and parking during business hours as opposed 
to non-business hours.  In order to qualify as a commercial center a project does 
not necessarily have to be located in a downtown business district, but it must be 
near some traditional commercial center.   
 
The UCH-TIF is like the TIF program in that it allows the municipality to provide 
tax abatements to the property owner.  The tax abatement is intended to offset 
the loss of revenue associated with a high percentage of affordable housing.  
The municipality and the property owner must agree upon the percentage of the 
Increment exempted, the exemption duration, and the amount of betterment or 
special assessment taxes.  The period of the tax exemptions may not exceed 20 
years.   
 
The implementation of a UCH-TIF is very similar to that of the TIF described 
above, with the following exceptions: 
 
• The only requirements for the TIF zone are that it be located in a 
commercial center. 
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• The documentation for the UCH-TIF plan must contain the same type of 
information required for a TIF plan (existing conditions, zoning/rezoning, 
budgets, schedules and financing for all public and private projects).  It 
must also show that the UCH-TIF zone is indeed located within a 
commercial center.   It must provide a detailed description of new 
construction or rehabilitation of all housing, whether developed by public 
or private entities.   The plan must specify the type and quantity of 
affordable housing.  If a UCH-TIF plan is proposed that contains less than 
the 25% affordability threshold, the plan must contain “detailed and 
verifiable data that reliably establishes that development of a parcel in not 
financially feasible without the lower percentage of affordable housing”17.  
The plan must contain details relating to affordable housing tenant 
selection and certification procedures, and procedures for revoking the 
UCH-TIF in the event that the owner does not provide required 
certifications.  The plan must allow DHCD to obtain an option to purchase 
affordable units at market value as well as a right of first refusal once the 
term of the affordability restriction expires.   
 
• DHCD, rather than EACC, must approve the UCH-TIF plan. 
 
3.5  Chapter 40T Special Development District (Proposed) Program 
 
                                                 
17 Financially feasible is not defined in 760 CMR 58.  As part of the application process, DHCD now 
requires developers to complete the OneStop Application for affordable housing, as a means of reviewing 
project financials. 
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Chapter 40T is proposed legislation that has yet to be passed by the legislature 
and signed by the governor.  The intent of the proposed program is to provide 
municipalities with ability to allow property owners to create “Special 
Development Districts”, which can now be created only through special 
legislation that requires a home rule petition.  The special districts are legal 
political subdivisions with the powers to levy special assessments and to issue 
tax-exempt bonds to finance infrastructure or other work with a public benefit.      
In this sense a special district is a mechanism for self-taxation that provides 
property owners with access to tax-exempt bond financing of public work that 
may be used to support development.  The special district bonds are secured by 
non-recourse liens on private property in the district and their debt service is 
covered by the special assessments or other types of fees that the district levies 
on all property owners within the district.  Assessments may be issued based on 
the extent to which different property owners use the public improvements, or 
based on property value.  Special districts exist in several other states and total 
bond issues from special districts in California alone are in the neighborhood of 
$1 billion/year. 
 
A 40T district requires, as a starting point, an improvement plan that outlines the 
proposed public work and includes cost estimates, financing arrangements, and 
the method and structure of special assessments that will be used to pay the 
bond debt. The district must win the support of property owners (“proprietors”) 
controlling at least 80% of the acreage within the district through a petition.  A 
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five-person “prudential committee” is responsible for administering the special 
district.  The petition must demonstrate that the purpose of the district is to serve 
essential governmental functions, the needs of proprietors and the general 
public.   The municipality is then obligated to hold a public hearing.  It reviews the 
petition for accuracy, for conformance with the statute, and for reasonableness, 
particularly with regard to the financing and delivery of services within the 
improvement plan.  After their review and upon finding a need for the district, the 
municipal governing body then votes to establish the district.  No state approval 
is required. 
 
Upon establishment, the district may issue tax-exempt bonds to finance public 
works improvements, including infrastructure, utility improvements, public parks, 
or parking garages within the district.  Either the municipality or the district will 
acquire title to the infrastructure improvements.  In cases where the municipality 
doesn’t want the responsibility for owning and operating the improvements, the 
special district can maintain the improvements by levying fees. The bond 
proceeds may not be used to finance privately owned improvements unless the 
district issues taxable bonds.   
 
Special district bonds should be issued at rates similar to those of well-rated 
municipal bonds, because they are secured by a lien on the property.   Bond 
underwriters may allow bond issues of 33% of the land value to finance 
infrastructure.  As construction proceeds, this LTV will decrease to closer to 10% 
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of the asset value.  In combination with traditional financing, the district bond 
issues allow developers to take-on more leverage.  Even though the special 
district bond issues are superior to the mortgagee’s position, issuing special 
district bonds should not significantly affect a developer’s mortgage interest rate 
because the infrastructure work adds value to the land and because the bonds 
issues typically constitute a small portion of the property value.  Also, in the case 
of default, the bondholder would not foreclose on the property.  Rather, the bank 
would pay the debt service on the bonds.  Owners may elect to pay off their 
portion of bond debt at any time.   
 
Chapter 40T may be combined with the use of a DIF, so as to provide a 
reallocation mechanism for taxes without requiring a municipality to take credit-
risk. 
 
3.6 Examples of Existing DIF and UCH-TIF Districts 
 
Currently, there are only two DIF programs and two UCH-TIF programs that are 
approved or are well-along in the pipeline.  Case studies of TIF zones are not 
included because of their lack of relevance to most large-scale smart growth 
development projects. 
 
Quincy City Center – DIF and TIF District 
 
  
 
205 
This DIF is part of a comprehensive redevelopment plan for Quincy City Center.  
The district’s boundaries encompass roughly 300 separate land parcels.  The 
process has been driven and paid for by the city, without the assistance of a 
private developer.  Quincy has received EACC approval for its DIF district, and is 
in the process of preparing the extensive documentation required for approval of 
its DIF program.  Quincy expects to receive final EACC approval by late spring of 
2006.   The city encountered no public opposition to establishing a DIF program. 
 
In order to create incentives for development, and to send a message to the 
development community that Quincy was serious about redevelopment, Quincy 
included an invested revenue district in their plan, and expects to issue DIF 
bonds for between $20 and $50 million.  They have been in negotiations with 
Stop & Shop, who is considering building an office tower in the downtown area.  
The nature of the discussions between Stop & Shop and Quincy is not public, but 
they likely center around the amount of DIF bond proceeds that Quincy is willing 
to allocate to supporting the office tower project.  The DIF bond proceeds will be 
in the $20 million range without the tower, or in the $50 million range if the tower 
is built.    Quincy hasn’t yet determined whether they will issue revenue bonds or 
general obligation bonds. 
 
The funds will be used for upgrading transportation via a cross-town connector, 
for beautifying the town center and creating structured parking, and for creating 
more pedestrian friendly access to historic areas.  Quincy also plans to allocate 
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money towards utility upgrades to support commercial development on an as-
needed basis.  The duration of the DIF plan will be 30 years, and the percent of 
the captured assessed value allocated toward the debt payments has yet to be 
determined but will likely be in the 90 percent range. 
 
Quincy also enacted a master TIF program for the downtown area.  Under the 
TIF plan, property owners will receive a tax abatement that ranges from 3-5% of 
the increment over time.  Quincy has the ability to negotiate separate deals with 
developers for larger portions of the tax increment, although they obviously wish 
to minimize tax abatements to the greatest extent possible.  
 
The DIF and TIF programs are only part of Quincy’s redevelopment plan.  They 
also revised their zoning bylaws in order to encourage development by 
increasing the maximum allowable building height from 6 to 15 stories, and by 
creating zoning for residential uses above retail.  Quincy’s intent is to attract 
$700-$800 million of private investment in about 1 million s.f. of new retail space, 
1 million s.f. of new office space, and 1000 new housing units.   
 
Quincy reports that obtaining state approval for their plan was straightforward, 
although the application process is quite extensive.  Quincy spent roughly one 
year and upwards of $500,000 on planning costs associated with the DIF 
applications and will need to allocate additional funds toward DIF administration.   
However, the DIF application process is much more complex for this project and 
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includes planning costs associated with creating a redevelopment master plan.  
Costs would likely be much lower for a more modest program with a district that 
encompasses fewer land parcels.  
 
The city did not use any other smart growth incentives for the project.  They are 
going to revisit establishing a 40R district, but have mixed feelings about doing 
so, for the reasons described in Chapter 2. 
 
Worcester City Square 
 
The city of Worcester enacted a DIF program as part of a major redevelopment 
of Worcester City Square.  Worcester’s program, which received state approval 
in the summer of 2005, is the first approved DIF in the state. Like Quincy, 
Worcester viewed the DIF as a necessary tool for enabling a critical development 
project.  Unlike the Quincy DIF, the Worcester DIF district consists of parcels of 
land owned by one entity (Berkeley Investments), and resulted from a 
partnership between the city and the developer.  The DIF was initiated in 2003, 
after Berkeley Investments purchased a 20 acre mall site in the city square.  The 
DIF legislation was then in the final stages of approval, and Berkeley apparently 
purchased the site with the intent of using a DIF to develop the property.  
Worcester is also receiving state assistance for the project infrastructure in the 
form of a $25 million grant from the state economic stimulus special legislation.     
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The DIF supports a redevelopment plan for replacing an underperforming mall 
complex, which detracts from the downtown atmosphere, with a vibrant mixed-
used development.  The mall complex contains a massive above-ground parking 
garage that constitutes a physical and psychological barrier to traffic and 
pedestrians.  The plans call for demolishing part of the above ground parking 
garage to remove that barrier and to provide space for new development.  The 
private redevelopment is slated to take place over three phases and eight years, 
and consists of $450 million of private investment in medical office space, retail 
space, condominiums, and an office tower.  The first phase of the project is 
slated to commence in 2006 and to be completed by 2010.   
 
DIF funds will be used for roads and utility upgrades and to create a 1025 space 
underground parking garage that is needed to support the new commercial 
space.  Of the roughly $64 million in DIF proceeds, roughly $40 million will be 
used for the parking garage.  The remainder will be spent on infrastructure, and 
soft costs.  The DIF program includes bond anticipation notes with capitalized 
interest.  These funds will cover DIF bond debt service during the first few years 
of the DIF until the private development of the first phase reaches a pre-
determined level of completion and/or occupancy that is capable of covering 
bond debt service.   
 
The DIF bond underwriting process is not complete, but the bonds will be general 
obligation bonds.  The city made conservative financial assumptions in order to 
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obtain a comfort level with the credit risk of these bonds.  They did not want to 
pay higher interest rates and meet the underwriting criteria required by revenue 
bonds. The DIF duration is 30 years, and all of the increment from Berkeley 
owned property will be allocated to cover DIF bond debt service.   
 
Counsel for Berkeley, for Worcester and for the bonding company are currently 
negotiating a Memorandum of Understanding relating to the release of DIF bond 
funds.  The agreement reportedly ties the phased release of DIF bond proceeds 
to certain production milestones by the developer during the first phase of the 
project.  The first phase of development alone constitutes the bulk of the project, 
and is expected to cover the debt service on the DIF bonds.  
 
These commitments provide the city and developer with mutual assurances 
before committing all of their funding to the project.  The city receives some 
assurances that the development that must occur in order to cover bond debt 
service will actually occur before they issue all DIF bonds.  Before they commit 
all of the required private capital, the developer receives assurances that the city 
will come through with DIF bond funding.  The developer retains some flexibility 
to develop the second and third phases of the project on their own schedule, 
depending on market conditions.   In this case, the developer appears to have 
made a binding commitment to build future phases, but they negotiated for the 
flexibility to change some uses of the projects. 
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The Worcester DIF program includes creative means of building the underground 
parking garage on private land.  The garage will apparently be owned by the city, 
and will serve the general downtown area, but will be built on land owned by 
Berkeley under a 60 year ground lease to the city.  Berkeley will build the garage 
under a turnkey contract for Worcester.  Worcester has retained a construction 
manager to oversee construction and to assure that public funds are not directed 
towards private development.  Worcester has allocated some of the garage 
revenues towards payment of DIF bond debt. 
 
Framingham and Quincy UCH-TIF Programs 
 
The Quincy UCH-TIF program was used as an incentive for a 100% affordable 
senior housing complex, Squantum Gardens, which relied on tax-credits and 
other affordable housing subsidies.   While this project has limited relevance to 
large-scale smart growth projects, it is an innovative technique for subsidizing 
affordable housing.  Also noteworthy is that the UCH-TIF application process 
reportedly went very quickly in Quincy. 
 
Like the Worcester and Quincy DIF programs, Framingham’s UCH-TIF may be 
used as an incentive for what is perceived as a critical project for the town.  The 
UCH-TIF in Framingham, which is still seeking state approval, is an incentive for 
a $50 million plus mixed-use development that includes 290 rental apartments, 
50,000 s.f. of office and retail space, preservation of four historic buildings, and a 
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six-story parking garage.  The project is apparently intended to reinvigorate 
Framingham Center.  It will also result in increasing the town’s affordable housing 
stock to levels safely above 10%, which would preclude future 40B 
developments.  The town is seeking DHCD approval for a reduction in the 
apartment affordability levels from 25% to 20% on the basis that 25% affordability 
would render the project infeasible.    The TIF terms provide a 10 year exemption 
that starts at 100% of the increment in 2007, and is reduced by 2% a year to an 
exemption of 82% of the increment in 2016.   
 
The UCH-TIF plan has been in the application stage for over a year.  The town, 
developer and state officials have had to work out “bugs” in the application 
process that have delayed the process.  The TIF agreement outlines 
contributions the town apparently made in anticipation of the UCH-TIF to support 
the downtown revitalization.  These include multi-million dollar infrastructure 
improvements, as well as traffic-calming and streetscaping improvements, and 
renovations to downtown green space. The agreement also states the town’s 
intent to spend local funds on planning for $50 million worth of roadway 
improvement that would be performed with state and federal funding.  Under the 
agreement, the developer would be responsible for traffic mitigation related to the 
project, in addition to the $250,000 that they already spent on utility upgrades in 
anticipation of the agreement.      
 
3.7 Public and Private Considerations with DIF/UCH-TIF 
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Obviously, plans vary tremendously from project-to-project, but the following 
discussion describes some general public and private considerations that affect 
whether these programs are appropriate for a particular project.   
 
3.7.1  Municipal Willingness to Support a DIF/UCH-TIF/Special 
Development District 
DIF 
Developers who want a municipality to initiate a DIF will have to present a rather 
convincing case to them.  Municipalities will be hesitant to risk their credit by 
assuming bond debt that relies on expected future development for repayment.  
The DIF proposal will need to be based on very solid and conservative 
assumptions and financial economics.  The municipality will also want to ensure 
that they are not paying for infrastructure (through lost potential future tax 
revenue) that the developer could actually afford to subsidize.  Fundamentally, 
municipal leaders will need to be convinced that private development would not 
occur without the DIF because of special circumstances related to the site, that 
density bonuses alone are not sufficient to create development, that the 
anticipated development will actually occur with DIF funding, and that the project 
is of a critical nature that provides substantial public benefits, which will be clear 
and obvious to the constituents.   
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However, this rather limited application of DIF needn’t be the only use of the 
program.  DIF experts suggest that municipalities view the DIF as a tool for 
obtaining the type of development project that they want in their town, rather than 
as a measure that should only be used in extreme circumstances.   Municipalities 
could extract concessions from developers in terms of the type of project that 
they create, by using part of the DIF increment to relieve financial constraints.  
Municipalities could also use some of the DIF proceeds to create other 
improvements to public spaces.    
 
The municipal decision making will be a process of weighing the following 
factors: 
 
• The likelihood of anticipated development occurring as expected. 
• The likelihood of development occurring on its own without a DIF. 
• The share of the increment devoted to bond debt vs. to town coffers. 
• Time required for development to occur on its own without a DIF vs. 
present value of lost tax revenue and lost public benefit.  This anticipated 
time delay could be a function of waiting for state and federal 
infrastructure funding, or “playing chicken” with the developer. 
• Future tax revenues, jobs created, or other public benefit of the 
development. 
• The population likely to live in residential components of the development 
and the services they will use. 
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• The likelihood of obtaining “free-money” from higher levels of government 
for infrastructure instead of using a DIF.   
• Political concerns of giving out “handouts” to developers versus value 
created for the public. 
 
DIF in Boston 
There is a general air of uncertainty within the development community regarding 
the likelihood of municipal backing for a DIF proposal in the City of Boston.  
Insiders report that the city initially appeared to be opposed to the idea of using 
the DIF program to support development.  In the strong office market leading up 
to the 2001 recession, and in the subsequently strong condominium market, the 
city had a successful track record of extracting money from developers to finance 
public infrastructure.  In cases where infrastructure costs were unusually high, 
the city relied on density bonuses rather than tax incentives.   
 
However, softening markets and a desire to spur some long-stalled projects 
appear to be diminishing the city’s apparent reluctance to use a DIF.  There has 
been speculation that a DIF will be used to support the development of the South 
Boston waterfront.  The city is also considering a TIF incentive program for the 
Columbus Center mixed-use development.  However, this willingness to consider 
a DIF or TIF has been observed only for some truly exceptional projects that 
have been stalled for a long time, that would create significant public benefit, and 
that have a credible reputation for being infeasible to develop without municipal 
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assistance.  It is unclear whether newer or lower profile projects that have 
compelling public benefits but are infeasible will succeed in getting DIF 
incentives.   
 
Another possible concern with the use of DIF in Boston is that although the 
mayor and city council may both support a particular development, they may be 
unlikely to agree on matters of municipal finance.  
 
UCH-TIF 
Municipal leaders will view UCH-TIF with many of the same concerns as with a 
DIF.  Some municipalities may be more open to a UCH-TIF than a DIF, because 
they would not incur credit risk for the bond debt.  However, the UCH-TIF doesn’t 
have the capability to raise public funds for infrastructure through bond issues, 
and its real relevance is limited to rental developments.    
 
Special Development Districts 
 
Chapter 40T has the potential to alleviate municipal concerns over credit risk that 
may exist with a DIF.  Municipalities will still have the same concerns over loss of 
potential future tax revenue if a DIF is required to make up for the assessments 
that property owners will pay to cover bond debt.  Municipalities are likely to 
support a special development district that has broad support of all property 
owners within the proposed district, and does not require a significant tax 
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abatement.  A municipality would probably support a special development district 
that does not include a DIF unless there is significant public opposition to the 
nature of the project itself. 
 
Special Concerns for DIF/UCH-TIF with Housing 
Projects that include a substantial housing component are more controversial 
DIF/UCH-TIF candidates than primarily commercial projects.  The selling point 
for DIF/UCH-TIF is that they create future tax-revenue without spending tax-
payer dollars.  However, people consume far more municipal services than 
commercial uses, particularly in the form of creating a burden on schools.  
Exempting or reallocating taxes to support a municipal service-heavy use is 
effectively a tax increase, or a reduction in the quality of municipal services.   
 
The Chapter 40S funds have the potential to alleviate the concern of school-child 
costs.  Municipalities will be more likely to support a DIF/UCH-TIF for housing 
development to the extent that it is intended to be “child-unfriendly” because of its 
density and unit size, or if it is located in a 40R zoning overlay district (refer to 
Sec. 3.7.4). 
 
3.7.2 Maintaining Flexibility with Municipality-Developer 
Performance Commitments 
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Municipalities, developers and bond underwriters will require performance 
commitments from each other before issuing DIF bonds.  The municipality will 
want as many commitments as it can obtain that bind the developer to build 
enough of the project to cover debt service on the DIF bonds.  The developer will 
want some assurance from the municipality that the committed infrastructure 
work will occur.   Developers will be reluctant to bind themselves to inflexible 
development schedules, particularly for multi-phase projects, because they face 
tremendous exposure if they are required to develop future phases of a project 
under unfavorable market conditions.   
 
There are two basic ways to structure DIF programs to satisfy performance 
concerns of both parties and to maintain as much flexibility as possible for the 
developer.  The simple approach is to issue only as much DIF bonding as can be 
serviced by the first phase of a project, which the developer commits to build.  
This solution obviously does not enable a program to fully tap available DIF bond 
funding, and may not be sufficient for DIF programs that involve very large 
infrastructure costs.   The second approach is for the municipality to issue DIF 
bonds at certain phases of a project, as the developer commits to building them.   
 
The Memorandum of Understanding (MOU) created for Worcester’s DIF plan is 
something of a hybrid of the first and second methods.  The developer did not 
want to commit to subsequent phases of the project, so the team based the DIF 
plan around DIF proceeds that could be serviced by the first phase of 
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development, which is also the largest phase. However, the DIF bond proceeds 
are so large that both parties required assurances from the other before 
committing their capital to the project.  The MOU calls the municipality to issue 
DIF bonds in three yearly phases, in “risk-lockstep” with the developer’s 
commitments to the project.  The developer retained the ability to change the 
uses of the buildings, as long as the changes don’t significantly affect the taxable 
incremental value of development (i.e. a change from commercial to residential). 
 
3.7.3 Special Considerations for DIF/UCH-TIF/Special Development 
Districts in Large-scale Smart Growth Projects 
 
The DIF and UCH-TIF programs appear at first glance to be an optimal tool for 
encouraging smart-growth projects.  A main goal of the DIF program is to satisfy 
the state’s smart growth principles by raising capital to encourage redevelopment 
of transit-oriented urban or suburban infill sites that might not otherwise be 
feasible to develop.  The DIF program is also intended to increase the housing 
stock of both affordable and market-rate units.  The DIF and UCH-TIF are 
compatible with each other and with the 40R program.   
 
DIF 
Municipal leaders may be pre-disposed to favor DIF programs for large-scale 
smart growth development plans.  Smart growth projects have clear public 
benefits that appeal to the stated policy goals of Governor Romney and Mayor 
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Menino, as described in the Commonwealth’s Principles of Sustainable 
Development and Leading the Way II, respectively.  Moreover, high-density 
developments that tend to attract relatively few families with school age children 
are likely to result in a net tax revenue gain for a municipality.  Figure 3-2 
summarizes arguments that can be used to promote DIF funding for smart 
growth projects, based on public benefits created, and need for DIF funds.  A 
major selling point for the use of a DIF to support a smart growth project is that 
public benefit is created by localized and regional traffic reduction and by 
creation of new housing.  A very significant inhibitor of large-scale smart growth 
development, but which DIF funding could alleviate, is the cost of creating 
structured parking.   
 
An important consideration in using DIF funds to pay for parking garages, or 
parks in smart growth developments is the extent to which DIF can be used to 
pay for improvements on private land.  Municipalities do not wish to be perceived 
as supporting private development, and tax-exempt DIF bond issues cannot 
legally be used to fund private development.  Parking garages are discussed 
below, as their cost is a pressing issue for smart growth developments and one 
of the more controversial uses of DIF bond proceeds. 
 
Municipalities will probably only agree to allocate DIF funds to parking garages 
(or parks) in cases where the facilities are likely to be used regularly by the 
general public to support local business, or if there is some other compelling 
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localized public benefit to the parking garage. A municipality would probably not 
be willing to use DIF funds to support a parking garage that is required by high 
density residential development and that is intended primarily for residents.  
There is a strong argument to be made that by virtue of enabling an otherwise 
infeasible smart growth community to be developed, DIF funds that are used on 
such a parking structure create public benefits in terms of land-use policy and 
traffic reduction.  However, municipalities are unlikely to take-on credit risk to 
support regional rather than local public benefits. 
 
If a municipality is willing to use DIF bonds to finance parking garage 
construction, they have a few basic options.   As long as the garage is open to 
the general public, it is eligible for tax-exempt DIF bond financing.  The 
municipality can also take ownership of the structure as Worcester did, by using 
a long-term groundlease and agreeing to own, operate and maintain the 
structure.  In this case they are permitted by law to issue tax-exempt bonds.  A 
municipality that does not wish to be in the business of running a private parking 
garage has the option of providing higher interest taxable DIF bond financing to a 
private ownership entity.   
 
UCH-TIF  
An important question for large-scale smart growth projects is whether a site that 
is slated to include a commercial center, but is not located in a commercial center 
could qualify for a UCH-TIF.  Many redevelopment projects that could benefit 
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from a UCH-TIF do not currently qualify as being located in a commercial center, 
but will eventually include a mixed-use component that would qualify as a future 
commercial center.  An example would be a large redevelopment of an industrial 
park that will result in a mixed-use town center (e.g. Westwood Station, in 
Westwood MA).  DHCD has not yet encountered such an application, so there is 
no precedent for answering this question.   
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Chapter 40T Special Development Districts 
Chapter 40T provides developers with a means of obtaining tax-exempt financing 
for infrastructure without having to demonstrate project infeasibility or the 
compelling public benefits required for a DIF.  Because special districts do not 
necessarily incur a loss of tax-revenue for the municipality (as does a DIF), the 
program would make tax-exempt bond financing more easily accessible to 
projects that are somewhat self-contained or have a less visible impact on the 
surrounding neighborhood than does a good DIF candidate.  When combined 
with the use of a DIF, however, the 40T/DIF programs can function exactly as 
does a DIF, except that the credit risk would be shifted from the municipality to 
private entities.  From a public-policy perspective, special districts may be 
perceived as more equitable than municipal bond or DIF bond financing of 
infrastructure because the beneficiaries pay for their own project.   
 
From the owner or developer’s perspective, Chapter 40T has many more 
advantages than disadvantages.  The developer gains access to tax-exempt 
financing that can be applied more liberally than could be DIF bond financing.  
The special district bond liens would allow developers to take on more leverage 
at favorable tax-exempt rates.  Another advantage of Chapter 40T is that it allows 
the use of 30 year amortizing debt, whereas the DIF statute limits the program to 
20 years.  The main disadvantages to the developer are the delays associated 
with establishing a district and issuing bonds, and the administrative 
requirements of maintaining the special district.  A municipality may also attempt 
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to extract excess mitigation or public-improvements from a project that benefits 
from a special district plan, rather than allowing the developer to absorb the 
profits related to subsidized financing, or to pass some of them on to the end 
user.  
 
Special district tax-exempt bonds must be used for improvements that are open 
to the public, but can be more flexibly applied than can DIF bond financing. The 
improvements must be owned by a government entity.  Since the district itself is 
a government entity, it may take title to improvements and pay to maintain them 
using assessments.  Alternatively, the municipality can take title to the 
improvements, if they can be convinced to do so.  Special district bonds are 
capable of funding projects that, although technically open to the public, provide 
little benefit to the broader general public (i.e. village roads or a parking garage in 
a new non-gated development).  These types of uses would not qualify for DIF 
bond financing, however, because the municipality wouldn’t be willing to lose 
future tax revenue or take credit risk for improvements that don’t provide much 
benefit to the general public.   
 
3.7.4 Links and Compatibility between DIF, UCH-TIF & Chapter 40 R 
  
DIF and UCH-TIF districts are perfectly compatible with the Chapter 40R 
program and in certain cases almost require each other.   As discussed in 
Chapter 2, the affordability requirements of Chapter 40R create public benefit, 
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but may render a project infeasible.  In these cases, it is possible that the 
assistance of DIF/UCH-TIF could help the project to attain feasibility.  The 
affordability requirement of 40R also creates the public benefit that is required for 
municipal backing of DIF/UCH-TIF.  On the other hand, DIF/UCH-TIF may, in a 
sense, require a 40R district.  The 40S funding alleviates the municipality’s 
disincentive to reallocate or exempt taxes to support a service-heavy residential 
use (refer to Sec. 3.7.1)  
 
In some cases it may make sense to combine the use of a UCH-TIF and a DIF, 
regardless of whether a 40R district is established.  A DIF supported by some 
portion of the increment could be used to finance infrastructure, while the UCH-
TIF could be used to subsidize some of the affordable housing.   
 
3.8  Chapter Summary and Conclusions 
 
• The DIF is a powerful tool for financing infrastructure or other public 
improvements related to development projects.  However, in strong 
markets like Boston’s, municipal leaders expect to extract funds from 
developers to finance infrastructure, rather than using future tax revenue 
to do so.   
 
• In order to convince municipal leaders of the need for a DIF, a developer 
must demonstrate that their project would otherwise be infeasible, that 
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density bonuses required to make the project feasible cannot be achieved 
because of neighborhood or other constraints, that development required 
to support DIF bond debt service will actually occur, and that the project 
creates critical public benefits.   
 
• UCH-TIF is geared toward rental housing development and is less 
relevant than DIF because it doesn’t allow municipalities to issue bonds 
and because market conditions favor development of condominiums 
rather than rental apartments.   
 
• Chapter 40T special assessment districts, if passed, will provide 
developers with a means of providing tax-exempt financing for 
infrastructure or other public work with, or without, a DIF or TIF tax 
abatement.  These districts will provide easier access to tax-exempt bond 
financing for infrastructure because municipalities will not have to risk their 
credit or lose future tax revenue as required for repayment of DIF bonds.  
 
• Smart growth projects present unique public benefits and are therefore 
good candidates for a DIF.  They also may have unusual feasibility 
problems related to redevelopment or structured parking costs that a DIF 
could alleviate.  DIF can effectively be used to finance parking garages on 
private land through a creative groundlease and ownership structure, 
provided that the garage provides public benefit.   
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• DIF and UCH-TIF are municipality-driven processes.  Applications to the 
state require significant processing time and potential delays.  Developers 
should expect to pay for significant consultant expenses related to the 
application. 
 
• DIF and UCH-TIF are designed to work with Chapter 40R.  DIF or UCH-
TIF is a possible concession that a municipality could make for a project 
that would otherwise be infeasible under 40R affordability requirements.    
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Chapter 4 – Incentives for Affordable Housing  
 
4.1 Introduction 
 
This chapter contains a survey of incentive programs that could potentially be 
used to assist a market-driven (approximately 20% affordability requirement) 
smart growth project to overcome feasibility gaps that may be caused or 
exacerbated by the affordability requirements of Chapter 40R.  This is a 
particularly important concern for sites with constraints that limit density bonuses, 
or in transitional neighborhoods where market-rate unit prices aren’t sufficiently 
high to cross-subsidize the development of affordable units.  The targeted range 
of affordability (20-25% of total units) for this survey corresponds to the minimum 
requirements of most of the affordable housing and smart growth incentives.   
The chapter describes available incentives, explains how they are awarded and 
describes the profit limitations that accompany them.  It examines their 
appropriateness for market-driven projects through some simple financial 
exhibits, and describes strategies for using affordable housing incentives in these 
types of projects.    
 
A key goal of the survey was to identify strategies for using the subsidies on 
projects that are primarily market-driven.  The survey is geared towards large-
scale development projects, and does not include a myriad of funding sources 
that are geared towards Community Development Corporations (CDC) or non-
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profit developers, towards smaller projects, or towards special needs populations 
(e.g. the homeless, persons living with AIDS, etc.). 
 
For context, the following are the affordability requirements of many common 
multi-family housing and smart growth programs:  
 
• Inclusionary zoning requirements in the city of Boston require that 15% of 
market rate units (or 13.04% of total units) in new developments be 
affordable to persons making between 80% and 120% of area median 
income (AMI).  Cambridge, Quincy and other urban municipalities have 
similar requirements. 
 
• Chapter 40R zoning districts contain a requirement that at least 20% of 
units be affordable to people making less than 80% of AMI.  
 
• UCH-TIF zones are required to contain at least 25% of units affordable to 
households making less than 80% of AMI, but with DHCD approval, the 
affordable percentage can be reduced to make a project feasible. 
 
• Chapter 40B requires that at least 25% of units be affordable to people 
making less than 80% of AMI, or 20% of units be affordable to people 
making less than 50% of AMI.  The intent of Chapter 40B is to provide 
density bonuses that allow market rate units to subsidize development of 
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affordable units, although incentives could conceivably be awarded where 
this is not the case.   
 
4.2   Overview of Affordable Housing Programs  
 
Incentives for new affordable housing development come from federal, state and 
local governments.   Boston is used as an example of a local government in this 
chapter to illustrate how local funding sources work.  The federal government 
distributes its funds to both cities and states, and it requires state and local 
governments to provide matching subsidies to federal programs.  The pertinent 
federal housing subsidies are Low-Income Housing Tax Credits (LIHTC), HOME 
Investment Partnership Funds (HOME funds), and Community Development 
Block Grants (CDBG18).  The Department of Housing and Urban Development 
(HUD) allocates HOME funds and CDBG funds directly to “entitlement 
communities”, which are municipalities with a population of 50,000 or greater 
(e.g. Boston)19.  HUD distributes HOME funds to the state for geographically 
unlimited use, and it allocates CDBG funds to the state for distribution solely to 
non-entitlement communities.   
 
                                                 
18 CDBG funds are grants to municipalities, and are not an affordable housing program though they may be 
used to subsidize affordable housing.  In Boston CBDG funds are rolled into the DND funds for affordable 
housing, but in non-entitlement communities developers cannot apply for them (only municipalities are 
able to apply).   
19 In the case of HOME funds, HUD also allocates them to consortia of smaller communities 
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The pertinent state subsidies for production of new affordable housing consist of 
the Affordable Housing Trust Fund (AHTF), the Priority Development Fund 
(PDF), and tax-exempt and taxable bond financing.  Local subsidies consist 
mainly of Leading the Way II Funds (LTW II) in Boston.  The Community 
Preservation Act (CPA) is a local funding source in municipalities that, unlike 
Boston, have voted to adopt it.  There are also private bank funds available for 
subsidized financing of affordable housing as a result of state law.   
 
From the developer’s perspective, it is easier to differentiate between affordable 
housing programs for new development on the basis of the entity (state or local) 
that has the authority to administer the program and to make funding decisions. 
The state has authority over state HOME funds, LIHTC, AHTF, PDF and tax-
exempt or taxable bond financing.  The state subsidy programs are administered 
by the Department of Housing and Community Development (DHCD) and 
MassHousing while bond financing is administered by the state housing agencies 
(MassHousing and Mass Housing Partnership).  A quasi-public entity called the 
MassHousing Investment Corporation (MHIC) assists DHCD to administer 
housing subsidy applications.  The state also allocates CBDG funds to non-
entitlement communities.  The city of Boston has authority over city HOME funds, 
city CDBG funds, and LTW II funds, which are all administered by the 
Department of Neighborhood Development (DND).  Private bank loans for 
affordable housing are provided by MHIC, and through local banks via the 
Federal Home Loan Bank pool of funds (FHLB). 
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It is important to distinguish between subsidy programs that are intended for 
rental versus homeownership projects, as noted in Table 4-1.  There is more 
affordable housing funding available for funding low to moderate income rental 
housing (50% of AMI) than for condominiums.  Because funds are limited and the 
state wishes to distribute them geographically, affordable housing funds are likely 
to be awarded to finance between 30-70 affordable rental units or 20 affordable 
homeownership units per project in a given year.  Each of the programs is 
described in detail in Appendix 4, and is summarized in Table 4-1.   
 
The following categories describe how funding sources are used to finance 
projects.  Affordable housing projects that have relatively high percentages of 
affordability typically require multiple funding sources.  Most market-driven 
projects obtain at most, some form of bond financing, and none of the heavier 
subsidies, because market prices are often sufficient to cross-subsidize the 
production of affordable units.   
 
Bond financing: Rental developments containing an affordable component of at 
least 20% of units at the 50% of AMI and 80% of AMI levels are eligible for a first 
mortgage supported by state tax-exempt bonds, or taxable bonds, respectively, 
that are secured by a lien on the property.  The two housing finance agencies 
(Mass Housing and MHP) offer this type of financing.  In order to use tax-exempt 
bonds for the widest possible influence, MassHousing typically provides 
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mortgages to projects with units at the 50% of AMI level that are a blend of tax-
exempt and taxable bonds.  At least some of this type of financing has a history 
of being available to all projects that meet affordability requirements.  Projects 
that obtain tax-exempt bonding also receive 4% LIHTC at a minimum (see grants 
and equity).  The housing agencies also provide loans to homeownership 
developments.  Loans to rental housing developments are non-recourse, while 
loans to condominium developments are full recourse to the borrower.  Rates on 
taxable financing for rental projects and for homeownership projects are similar 
to conventional rates because loan durations are for longer terms (30-40 years) 
than conventional loans.   This type of financing appeals to some developers 
mainly because the housing agencies allow a relatively high Loan to Value ratio 
(85-90%).   
 
As of January 2006 interest rates published on the MassHousing website were: 
 
• 30 Year amortizing tax-exempt (for rental) - 5.85% 
• 30 Year amortizing taxable (for rental) – 7.1% 
• 30 Year amortizing for sale interest rate – 6.87% (250 basis points above 
2 year U.S. Treasury Bill) 
 
Soft Second Loans: Heavier forms of subsidies consist of “soft second” loans 
funded by state HOME Funds, City Home/CDBG and LTWII funds, or state AHTF 
and PDF funds.  Soft second loans are no or low interest loans with payments 
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that may be deferred until a date when projected cash flows can support them, 
which may be as late as transfer of ownership.  These types of subsidies are 
generally intended for projects containing a high percentage of affordability, 
including tax-credits in the case of rental developments.  The funds are scarce, 
and will be available to market-driven projects only in cases where the project 
strongly appeals to DHCD and DND priorities and demonstrates a feasibility gap.   
Projects in the city of Boston must typically be able to obtain $1 of DND funds in 
order to receive $2 of support from state HOME funds.  
 
Grants and Equity:  Direct grants are allowed under HOME and CDBG 
guidelines, but are less common in the case of market-driven developments.  
The most common source of equity for affordable rental housing is the 9% 
LIHTC.  Developers can obtain significant equity through LIHTC syndication for 
rental developments with 20% of units reserved for low-income households (50% 
of AMI) or for 40% of units rented to households making less than 60% of AMI 
(40/60).  Massachusetts also requires that 10% of the total units be reserved for 
very low-income populations (30% of AMI).  The 9% LIHTC essentially provides 
the developer with a present value of 70% of eligible development costs of the 
affordable units.  The 4% LIHTC translates to a present value of roughly 30% of 
eligible development costs.  The syndication process requires a complex 
partnership agreement to include corporate consumers of tax credits in the deal.  
Developers using LIHTC to finance a project should expect to remain involved in 
the deal until it can be refinanced (minimum of 15 years).   
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[Insert Table 4-1] 
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4.2.1 Funding Competitions 
 
Developers seeking affordable housing incentives apply for funds administered 
by the state and through DND via the MHIC One-Stop Affordable Housing 
Application.  LIHTC are awarded biannually, and projects generally go through at 
least two rounds of the application process before they receive LIHTC.  The PDF 
and AHTF funds are awarded on a rolling basis.  
 
The selection criteria of the various programs are listed in Table 4-1.  All of the 
funding sources have similar priorities.  While their fundamental mission is to 
provide affordable housing to low-income populations, there is enough 
competition for the programs to prioritize projects based on other criteria as well.  
In order to have the widest possible influence, DHCD prioritizes projects that 
leverage private investment to the highest extent possible.  DHCD also places 
value on supporting special needs populations, particularly the homeless and 
disabled.  DHCD and Masshousing require all projects applying for subsidies to 
meet a modest level of conformance with the Commonwealth’s smart growth 
principals (see appendix A).   True smart growth projects may have a competitive 
advantage in applying for funding, as do projects that contain energy efficiency or 
other environmentally sustainable features.   The PDF funds contain a $22 
million set aside earmarked toward transit-oriented development.  This fund may 
be particularly relevant to market-driven projects, because it prioritizes projects 
that create a lot of market-rate housing in addition to affordable housing. 
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4.2.2 Profit Limits 
 
Affordable housing subsidies are awarded only to the extent that they fill a 
funding gap. These programs are intended to allow private developers to make a 
reasonable return, but contain safeguards for preventing subsidies from being 
used to enrich developers.  Profit limitations essentially transform a developer 
into a fee developer with a capped upside in return for the subsidies.  The 
developers may also benefit from the fact that affordable units are relatively 
immune to market risk (although this is not a significant benefit for a 
predominantly market-rate project).  Profit limitations on rental projects vary from 
program to program.  LIHTC, the most common form of rental subsidy, have a 
10% cap on annual return on equity and formula-based limits on developer’s fee 
and overhead that correspond to about 10% of development costs for large 
projects.   
 
The profit limitations on for-sale projects come in the form of a maximum 
allowable developer’s fee, which is a percentage of eligible budgeted 
development costs.  The definition of eligible development costs varies from 
program to program, and may or may not include land acquisition costs.  The 
range of profit limits for condominium projects varies from 10% of total 
development costs (including land, less ineligible expenses) for DND funds to 
25% of “fee-based” development costs (development costs less land, less 
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ineligible expenses) for the Priority Development Fund and for tax-exempt bond 
financing.  The DND formula provides a mechanism for splitting half of the 
excess profits between the developer and the municipality on condominium 
projects.  The effect of these profit limits on the appropriateness of subsidies for 
large-scale smart growth development is discussed below. 
 
4.2.3 Parsing of Projects to Control Condo/Rental mix and Affordability 
Levels 
 
Many of the strategies presented below assume that the project can be broken 
into legally separate parcels, each of which could have varying percentages of 
affordability and different mixes of market versus for-sale units.  The project as a 
whole, however, would have to meet the target affordability requirement of 20% 
of units at a maximum of 80% of AMI.   There are several reasons for parsing the 
project into different configurations.  First, the profit limits of the incentive 
programs may not be appropriate for large-scale multi-phase projects as 
discussed below.  Concentrating affordability in certain phases of the project is a 
possible means of obtaining subsidies while subjecting fewer market-rate units to 
program profit limitations.  Second, parsing the project allows the developer to 
provide a mix of condominiums and rental units in order to mitigate absorption 
concerns or market risk.  Third, adjusting the number of units in a phase can 
allow the developer to request funds for a project that contains an appropriate 
number of affordable units in terms of obtaining subsidies.  Finally, parsing the 
  
 
240 
project could allow a master developer to sell off a parcel that has a relatively 
high concentration of affordable units to a developer who is experienced in 
affordable housing development. 
 
There are also several reasons why parsing the project into parcels with different 
percentages of affordability could be problematic. First of all, this scheme, which 
is legal under 40R but not 40B, would require a complex ground-lease structure 
or commercial condominium arrangement in order to create separately saleable 
and financeable subdivisions.  Second, concentrating affordable units spatially is 
undesirable to both affordable housing funding agencies and developers.  The 
housing policy makers want to ensure that low to moderate income populations 
are not “ghettoized”.  Developers would want to avoid concentrating large 
numbers of affordable units together to avoid stigmatizing market-rate units.  In 
order to avoid these problems, a developer could create low and high 
affordability parcels.  The high affordability parcels could contain up to a 50% 
concentration of affordable units, which could presumably be spatially 
interweaved to some extent with the 100% market-rate parcel of the site.  DHCD 
and the housing agencies would not grant a subsidy to a project that is parsed in 
this manner unless the developer convinces them that cross-subsidization of the 
low-income units is infeasible.   
 
4.3  Strategies for using Affordable Housing Subsidies on a Large-scale 
Market-Driven Smart Growth Project 
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This section examines strategies for using incentives for affordable rental and/or 
homeownership units.  To illustrate the strategies and their effect on the project, I 
considered four strategies for using incentives on a 1000 unit market-driven 
development project in the Greater Boston Area.  The numbers used in the 
example, were taken from the project’s preliminary feasibility studies, and altered 
in order to represent a project that faces feasibility problems because it is located 
in an area with market-rate prices that have limited ability to cross-subsidize the 
20% of units that are affordable.  The project’s altered financials show an 
unlevered return that might be considered infeasible for a speculative 
condominium development in an environment of rising construction costs and 
market uncertainty.  The strategies provide some general insight into the ability of 
housing subsidies to alleviate feasibility gaps for large market-driven projects, 
which is discussed at the end of the section.   
 
4.3.1 Description of the Example Phase 
 
The project would be built in phases of about 150 units each.  The unit mix, rents 
and sales prices for the entire project are shown in Table 4-2, which contains 
some simplifying assumptions.  The development costs are assumed to be the 
same for rental and condominium developments.  In reality the developer could 
spend less on rental units than condominiums because a lower level of finishes is 
expected.  Balancing that assumption is the simplification that rental revenue was 
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calculated using 20% of units at 50% of AMI, and not including the 10% of units 
that must be restricted to 30% of AMI in order to qualify for 9% LIHTC (this 
corresponds to a difference of 4% in gross rent).     
 
Table 4-3 compares condominium sales values to capitalized values of rental 
revenues for all unit types.  This data is used to compare the strategies described 
below.  The highest and best use for each type of unit is shown in bold 
(assuming that incentives are unavailable), and is clearly as condominiums.  To 
the extent that a subsidy program requires market-rate rental units rather than 
market-rate condominiums, the developer loses the revenue shown in Table 4-4.   
Table 4-5 shows the difference in value between market and affordable units of 
all types.  
Table 4-2: Project Data 
Assumptions 
1 BR 
          
333    Total units 
2 BR  
          
666    
1 BR 
          
66  Based on 20% requirement of 40R. Affordable 
units 
2 BR  
          
133    
1 BR 
          
$826  
The 50% of AMI affordability definition is used because 
that is the level required by LIHTC and other heavy 
subsidies. 
Affordable Mo. 
Rent (50% 
AMI) 
2 BR  
          
$929    
1 BR 
         
$1,322    Affordable Mo. Rent (80% 
AMI) 
2 BR  
         
$1,487    
1 BR 
      
$269,500 770 s.f. @$350/s.f. Market Rate 
Sales Price 
2 BR  
      
$427,000 1220 s.f. @ $350/s.f. 
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1 BR 
         
$1,700    Market Rate 
Mo. Rent 
2 BR  
         
$2,100    
 
Table 4-3 
 
Unit Values 
1 
BR
      
269,500   Market Rate 
Condo Prices 2 
BR 
      
427,000   
1 
BR
      
212,571   
M
arket R
ate U
nit V
alues 
Market-rate 
rental - 
Capitalized 
Value* 2 BR 
      
294,000    
1 
BR
      
155,300  Affordable Condo Prices 
(80% AMI) 2 
BR 
      
172,500  
The 80% of AMI affordability definition is used because 
there is no incentive to build condos for lower-income 
groups. 
1 
BR
        
75,768  
Affordable Rental 
Capitalized 
Value (50% 
AMI)* 
2 
BR 
        
93,072  
The 50% of AMI units are included for comparison 
because that level of affordability is req’d for LIHTC. 
1 
BR
      
154,226  
 The 80% of AMI units are included because they fulfill 
affordability requirements of 40R even though they 
don’t qualify for DHCD subsidies.  
A
ffordable U
nit V
alue 
Affordable Rental 
Capitalized 
Value (80% 
AMI)* 2 
BR 
      
181,097    
*Capitalized values of rental apartments obtained by applying 7% cap rate to NOI.  NOI 
calculated as gross annual rent with (2% vacancy for affordable, 5% vacancy for market) less 
$4500/unit operating expenses.   
 
Table 4-4 
 
Gaps Between Rental and For Sale 
Values Comment 
1 BR 
     
(56,929) Market Rate Units 
2 BR 
     
(133,000)
Affordable Units 
(80% AMI 1 BR 
        
(1,074) 
All things being equal, it is better to build market 
rate condos rather than market rate rental units.   
This is not true at the 80% AMI affordable level, at 
which 2 BR affordable rental units are more 
valuable than affordable condos.  However, the 
comparison between 50% AMI affordable rentals 
shows that significant subsidies are required to 
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Comparison) 
2 BR 
         
8,597  
1 BR 
       
(79,532) Affordable Units (50% AMI 
Comparison) 
2 BR 
       
(79,428) 
make building low-income rental units worthwhile, 
as affordable condos or 80% AMI rental units create 
much more revenue.  
 
Table 4-5 
 
Gaps Between Affordable and 
Market Values Comment 
1 BR 
     
(114,200)Condo Sale 
Prices 
2 BR  
     
(254,500)
1 BR 
     
(115,274)
Capitalized 
Rental Value 
(market vs. 80% 
AMI affordable) 
2 BR  
     
(245,903)
1 BR 
     
(193,732)
Capitalized 
Rental Value 
(market vs. 50% 
AMI affordable) 2 BR  
     
(333,928)
There is a huge gap between market and affordable 
for-sale prices, particularly for two bedroom units.  
There is a smaller gap between market rental and 
affordable (80% AMI) rental, but a large gap between 
market rental and affordable rental at the 50% AMI 
level.  
 
 
 4.3.2 Example Strategies 
 
The strategies below assume a high degree of flexibility from DHCD and DND in 
terms of allowing parsing and providing subsidies.  This assumption may be 
justified in the case of a large-scale smart growth project for several reasons.  
The example project provides important public benefit by virtue of creating a 
significant quantity of accessibly priced market-rate and affordable units near 
transit.  Also, DHCD and DND may show some flexibility in order to make 
feasible a project with 20% affordability that could otherwise end up with lower 
affordability requirements under inclusionary zoning.     
  
 
245 
 
Baseline Strategy – Build only condos, 20% Affordable to 80% of AMI, seek 
no subsidies: This strategy is used as a benchmark for comparison to the 
subsidized alternatives.  In the absence of incentives, building all condominiums 
is the highest and best residential mix for the property from the point of view of 
value created, and is the simplest strategy from a legal and housing policy 
perspective20.  However, the example phase is hovering near the border of 
infeasibility.  It entails $45 million in development costs (including a developer fee 
of 10%) and just under $50 million in gross revenues.  The difference may be an 
adequate margin for profit and equity returns, depending on the time required to 
complete the project and the perceived level of market risk.  The only incentives 
that the project would qualify for are MassHousing’s construction loan financing.  
This financing probably wouldn’t be worth the modest interest rate savings 
because it comes with profit limitations. 
  
Strategy 1 – Obtain LIHTC equity and other subsidies by building all rental 
units, with 20% affordable to low-income: The rationale for considering this 
plan is to benefit from the maximum amount of available subsidies on the 
affordable component of the project in an all rental phase.  The phase would be 
100% rental in order to avoid the complications associated with parsing the 
project. This isn’t the highest and best residential use of the site in terms of value 
created as indicated by the revenue of roughly $39.5 million including subsidies 
                                                 
20 Based on the values of units in Table 4-3.  The affordable rental units actually create slightly more 
valuable than the affordable condos, but not enough to justify parsing the project. 
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(exhibit 4-1) compared with $51 million for the baseline strategy.  While building a 
rental phase rather than a condominium phase appears illogical from a highest 
and best use perspective, it makes sense for a developer who wants to avoid 
speculative condominium risk, or is capital constrained.  The developer loses the 
option to obtain the additional revenue associated with the speculative 
condominium project but obtains the developer’s fee and income from the rental 
project with relatively little market risk, and almost no required equity.    
 
The budget for this strategy shows that the development could qualify for 9% 
LIHTC equity of roughly $4.5 million (refer to exhibit 4-1) for the 30 affordable 
units created.  Assuming that the project could also obtain roughly $1.9 million in 
no interest gap financing from city and state HOME funds, and PDF or AHTF, 
(probably overly optimistic), the developer would still be required to invest an 
additional $738k in equity to fill the feasibility gap, but would receive roughly the 
10% developer’s fee included in the development cost budget, and most of the 
$288k of the annual cash flows (cash flows from affordable rental deals flow 
largely to the developer and not to the tax-credit equity investor).   The annual 
cash flow is less than 10% of the total value of the project (the tax credit equity 
plus the developer’s equity), and therefore would not be subject to profit limits.  
Since the developer receives most or all of the cash flow, he or she would obtain 
a handsome 39% first year cash-on-cash return on their equity.  
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Comparing this strategy quantitatively with the baseline is like comparing apples 
and oranges.  The baseline strategy is a speculative deal with a lot of risk, and 
this strategy is a fee development project with less market risk and equal 
construction risk.  It is made possible by $7.4 million in subsidies for the 
affordable units.  This strategy would be an appropriate way to develop the 
property to obtain fee income and a modest revenue stream in the event of a 
downturn in the condominium market.   
 
Strategy 2 - Parse the phase into a subsidized affordable mixed-income 
rental project with 30 low-income and 30 market rate rental units and a 
100% market-rate condominium project with 90 units: Strategy 2 is designed 
to obtain some of the benefit of the first strategy, in terms of subsidizing the 30 
affordable units while capitalizing on the value of market-rate condominiums.   
The goal of the mixed-income rental development is to provide the 50/50 mix of 
affordable and market-rate units required to avoid “ghettoizing” the affordable 
population as discussed above.  Since there are 30 affordable units, this requires 
an additional 30 market-rate rental units in the mixed-income part of the phase, 
leaving an additional 90 units of market-rate condominiums for the all market part 
of the parcel.  
 
This strategy has similar fundamentals compared to the baseline strategy.  The 
disadvantage of this approach is the complexity of parsing the project into two 
parcels with different affordability.  The only benefit is in hedging market risk on 
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30 speculative condominiums (there was little risk associated with the 30 
affordable condominiums that are now affordable rental units).  The mixed-
income development would be similar in nature but smaller in scope to that of 
Strategy 1.  All of the equity for the mixed-income parcel would come from the 
$4.4 million proceeds of tax-credit syndication.  It would produce roughly $1.8 
million in fee income plus about $108k in annual revenue for the developer.  
Table 4-6 summarizes the financial gains and losses of this plan in comparison 
with the baseline strategy.  The net result is that the strategy is very similar to the 
baseline (i.e. any income from subsidies is offset by loss in revenue from lower 
income level of affordable units, and lower value of rental units compared to 
condominiums).  Although parsing the project adds complexity to it, it is a way to 
hedge some market risk without suffering loss of revenue.   
Table 4-6 
 
Strategy 2 - Gains and Losses compared to Baseline  
Losses 
Gains 
Loss 
Unit 
type # units Loss/unit Total 
LIHTC 
equity      4,444,335  1 BR                 10    (56,929)     (569,286) 
PV of soft 
subsidy of 
3 million* NA 
Gap on 30 
market-rate 
units going 
from 
condos to 
rental 2 BR                  20  (133,000)  (2,660,000) 
Capitalized 
value of 
$108k 
rental 
1,350,000 
Gap on 30 
affordable 
units going 
from 1 BR                 10    (79,532)     (795,320) 
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revenue 
(at 8%) 
condos at 
80% AMI 
to rentals 
at 50% 
AMI 2 BR                  20    (79,428)  (1,588,560) 
Total:      5,794,335  Total:  (5,613,166) 
 
Strategy 3 -  Same as Strategy 2 but raising the income level of the 
affordable units to 60% of AMI: This strategy is a refinement of Strategy 2 that 
takes advantage of the fact that projects that contain more than 40% affordable 
units are able to raise the income level of affordable units to 60% of AMI in a 
LIHTC deal.  The financials of the project, shown in Exhibit 4-5, are relatively 
similar to those of Strategy 2 from the developer’s perspective.  The plan may or 
may not appeal to DHCD more than Strategy 2; it requires fewer incentive funds 
($3.7 million in LIHTC equity) for each affordable unit created, but it raises the 
income requirements of the affordable population.   
 
Strategy 4 – Build the baseline strategy, but pursue PDF and AHTF Funds 
to subsidize the affordable condominiums: The intent of this strategy is to use 
incentives from affordable housing programs that prioritize smart growth projects 
without changing the unit mix from the all condominium plan outlined in the 
baseline strategy.  The strategy is simply an attempt to obtain additional grants or 
low-interest loans for the baseline strategy from the PDF and AHTF.  The 
available funds would be in the neighborhood of $100,000 per affordable unit, for 
a total of $3 million in subsidies for the baseline strategy.  This financing could be 
enough to make the baseline strategy feasible.   
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Obtaining PDF and AHTF funding requires a for-sale financing package from 
MassHousing, which imposes profit limits (refer to Table 4-1).  The profit limits for 
the PDF and AHTF are more liberal than those of state HOME funds and DND 
funds (city HOME, LTWII, CDBG), which are another source of funding for 
condominium projects (see chapter 4 appendix).  The profit limits of the PDF and 
AHTF may be appropriate for a market-driven project such as this one, but the 
stricter profit limits of the DND funds are a major obstacle to using these 
subsidies in a large-scale, primarily market-driven, smart growth condominium 
development.    Profit limitations apply to the project as a whole, not just to the 
affordable component of the project, yet the incentives are awarded per unit of 
new affordable housing.  By taking subsidies that apply to only 20% of the units, 
the developer becomes a fee developer with a capped up side, but an unlimited 
downside on 80% of the units.  The DND profit limits are more appropriate for 
smaller projects with a lower percentage of market-rate units (e.g. 50%).   
 
Another related problem is that affordable housing programs do not allow 
developers to include equity returns in the project budget.  Rather, equity returns 
would have to come out of the already capped developer’s fee.  This is an 
unreasonable limitation given that condominium projects require substantial 
equity and entail significant amounts of risk.  Under certain circumstances, the 
housing agencies will allow developers to structure equity as mezzanine debt in 
the budget as a means of providing necessary equity returns.   However, they 
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limit mezzanine interest rates to 12%, which are lower than may be required for 
pioneering condominium development projects.   
  
4.3.3 Lessons Learned from the Strategies 
 
Strategies 1-3 show that affordable housing incentives can provide a means of 
developing the site in an uncertain condominium market.  These strategies 
compensate the developer to some extent for the loss in revenue caused by 
developing rental units through subsidies and by hedging market risk.  The 
developer obtains a reasonable profit through fee income and property cash flow 
but bears the same amount of construction risk and loses the option to obtain 
additional value created by condominiums.  This type of program could be 
enough to keep a project going during a softening housing market.  
Homeownership subsidies for condominium projects are very scarce.  Some of 
the subsidies for affordable condominiums contain profit limits that are 
unreasonably restrictive for speculative market-driven developments.  However, 
for a project that is truly on the borderline between feasible and infeasible, 
homeownership subsidies of about $100,000 per affordable unit could make the 
project feasible.   
 
Because of the complexity of federal, state and local housing programs, 
affordable housing development is a sophisticated field requiring specialized 
knowledge.  Typical developers of large-scale development projects who do not 
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have experience in affordable housing development should consider some sort of 
partnership arrangement with an affordable housing developer. 
 
4.4 Chapter Summary and Conclusions: 
 
• The affordable housing programs are capable of helping a developer build 
a feasible rental development instead of a condominium development that 
has a marginal return.  The developer would not obtain additional revenue 
associated with a speculative condominium deal but would bear less 
market risk.  They would obtain fee income and a modest revenue stream.  
Strategies 1-3 may be useful for supporting at least one rental phase of a 
project in a soft housing market.   
 
• For a project that is truly on the borderline between feasible and 
infeasible, these incentives could provide enough funding to make the 
project happen. Because of profit limits, the PDF and AHTF are the most 
appropriate forms of subsidies for market-driven condominium projects.   
 
• Strategies 2 and 3 require parsing of the project, which adds significant 
legal and political challenges.   
 
• It is interesting to note that the parsing strategy used in Strategy 2-3, 
although disliked by housing policy experts, resulted in lower subsidies 
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required per low-income affordable unit created.  This is because the 
market-rate rental unit rents are relatively low and provide less internal 
subsidization than provided by market-rate for sale units. 
 
 
 
Survey of Affordable Housing Programs 
 
Incentive Programs-State Administered 
 
Programs are listed in order of relevance to large-scale, market-driven, smart 
growth projects: 
 
Name: Priority Development Fund  (PDF) 
Funding source: MassHousing funds aggregated through operations. 
Funding provided: The recently established $100 million fund will likely provide 
the bulk of its subsidies in the form of no or low interest second loans with 
payments to be made upon sale or refinancing, or amortized payments where 
cash flows can support them.  Subsidies are generally limited to $75,000 per 
affordable unit for transit-oriented developments, but can be increased at 
MassHousing’s discretion.    
Administered by: MassHousing 
Rental/For Sale: $63 million is set-aside for rental housing, $22 million is set 
aside for transit-oriented development.  It is expected that the majority of transit 
oriented funds will be used for rental housing, but for-sale housing is also eligible.   
Affordability Requirements: At least 20% of units available to households earning 
less than 50% AMI, or for projects requiring no other form of subsidy, 25% of 
units affordable to households earning less than 80% AMI. 
Program Intent:  Intended to be a gap filler that stimulates the creation of both 
market-rate and affordable housing, and can be used with the 80/20 program or 
the ERA program.    It is intended to increase the percentage of affordable units 
where inclusionary zoning levels are less than 20% (e.g. 13% in Boston).  It is 
intended to promote transit oriented and/or smart growth developments.   
Preference is given to projects that leverage private sources of capital and don’t 
rely on other federal or state subsidy programs, and to developments that create 
units large enough for families (3 bedroom or larger).   
Profit Limitations:  Developer must be limited dividend entity, and developer’s 
fees and overhead cannot exceed 25% of “fee-based development costs”21, with 
a requirement for deferral of a portion of the fee.    
 
 
                                                 
21 Fee-based development costs are calculated in the same way as for LIHTC. 
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Name: Affordable Housing Trust Fund (AHTF) 
Funding source: State-issued bonds 
Funding provided: $22 million in funding for FY 2006 to be used as deferred 
payment loans, low or no-interest loans.  Limit of $1 million per project, or 
$50,000 per affordable unit, or $2 million at the discretion of program director.   
Administered by: Department of Housing and Community Development 
Rental/For Sale: Both 
Affordability Requirements: At least 20% of units available to households earning 
less than 110% AMI, but give preference to mixed income developments with 
units available to households earning less than 80% of AMI.  
Program Intent: To finance creations of new affordable housing for low-moderate 
income households.  Preference is given to smart growth projects, to projects 
that contain family sized (3 bedroom) units or units for the homeless or disabled, 
to projects that are likely to be able to proceed in a timely manner and to projects 
that leverage private funding.   Level of assistance must be the minimum 
required to achieve the desired degree of affordability.   
Profit Limitations: Projects that include market-rate units require some other 
subsidy program (e.g. MassHousing construction financing). 
 
 
Name: Low-Income Housing Tax Credits (LIHTC) 
Funding provided: Federal tax credits that can be converted to equity through 
syndication and sale to corporate investors in the project.  Investors are currently 
purchasing tax credits on nearly a dollar-for-dollar basis22.    Tax credit dollars on 
projects financed with conventional loans are eligible for 9% of qualified 
development costs23 per year for 10 years, while projects which receive at least 
half of their financing from tax-exempt bonds may receive tax credits in the 
amount of 4% of qualified development costs per year for 10 years.  Very roughly 
speaking, this constitutes a present value of 70% and 30% of the hard and soft 
costs of building the affordable units.  Subsidized bridge loans are available from 
MassHousing that allow developers to borrow against future tax credit equity to 
fill short-term financing needs.  The 4% credits do not count toward the cap of tax 
credits awarded to the state, so there is less competition to receive them.  
However, projects must meet the requirements of the qualified application plan 
(QAP) and receive tax-exempt bond financing to receive the 4% tax credits.   
Administered by: Department of Housing and Community Development (9% 
credit) and MassHousing (4% credit) 
Rental/For Sale: Rental  
Affordability Requirements: At least 20% of units available to households earning 
less than 50% AMI or 40% available to households earning less than 60% AMI.   
                                                 
22 Investors are willing to pay close to a dollar per dollar of tax credits because investing in the 
development also includes other tax benefits (i.e. depreciation) and carries a low risk that tax credits will be 
lost.   
23 Qualified basis is calculated as: Percentage of affordable unitsx(hard and soft costs less land and 
ineligible costs).  Ineligible costs include financing fees, marketing costs, syndication fees, investor fees, 
personal property, etc.  See Appendix D-2.   
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Program Intent:  Subsidize development of low-income rental housing.  
Allocations for the 9% credits are awarded on a competitive basis.  The 
application procedure favors projects designed with features of sustainable 
development (including smart growth).   
Profit Limitations: The profit limits are 5% of land acquisition, plus 15% of the first 
$1 million in eligible development costs (less land and ineligible expenses), plus 
12.5% of eligible development costs between $1-$3 million, plus 10% of eligible 
development costs exceeding $3 million.  
 
 
Name: 80/20 program 
Funding source: State-issued tax-exempt bonds 
Funding provided: Construction and permanent loan financing with terms of up to 
40 years, and 90% LTV.  
Administered by: MassHousing 
Rental/For Sale: Rental (for both affordable and market-rate units) 
Affordability Requirements: At least 20% of units available to households earning 
less than 50% AMI. 
Program Intent: To finance affordable units requiring direct subsidies from 
sources such as HOME Funds, LIHTC, and the state Affordable Housing Trust 
Fund. 
Profit Limitations: Developer’s fee and overhead limited to 25% of fee-based 
development costs.  Annual distributions of cash flow limited to ten percent of 
equity.   
 
Name: Extending Rental Affordability (ERA)  
Funding source: State-issued taxable bonds 
Funding provided: Construction and permanent loan financing with terms of 30 or 
40 years, and 90% LTV.   Although rates are subsidized, the bond maturity is 
longer than conventional commercial mortgages, meaning that rates are similar 
to those of conventional mortgages.  The primary benefit to developers is the 
high LTV of the loans and flexibility (in some cases the equity can consist of the 
land).   
Administered by: MassHousing 
Rental/For Sale: Rental (for both affordable and market-rate units) 
Affordability Requirements: At least 20% of units available to households earning 
less than 80% AMI.  Sponsor must make best faith effort to market affordable 
units towards households with Section 8 certificates or vouchers.  
Program Intent:  Standalone financing for projects that do not require direct 
subsidies. 
Profit Limitations: Developer’s fee and overhead limited to 25% of fee-based 
development costs.  Annual distributions of cash flow limited to ten percent of 
equity.   
 
Name: MATCH 
Funding Source: Tax-Exempt State Bonds 
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Funding provided: Low interest permanent loans of up to $15 million.  Loans are 
20 year term with 30 year amortization schedule, leaving a balloon payment.  
Loans are a maximum of 85% LTV.   
Administered by: Mass Development issues bonds, MassHousing Partnership 
issues letters of credit backing bonds using private bank funds. 
Rental/For Sale: Rental  
Affordability Requirements: At least 20% affordable to households making less 
than 50% of AMI, or 40% to households making less than 60% of AMI 
Program Intent:  Subsidize affordable housing using tax-exempt bonds, in 
coordination with 4% LIHTC (see below). 
Profit Limitations: Refer to LIHTC. 
 
Name: MassHousing Partnership Permanent and Construction Financing 
Funding Source: Private bank funds 
Funding provided: Low interest permanent loans of up to $15 million.  Maximum 
of 20 year loans with a maximum of a 30 year amortization schedule, with a 
maximum of 85% LTV.   
Administered by: MassHousing Partnership  
Rental/For Sale: Rental  
Affordability Requirements: At least 20% affordable to households making less 
than 50% of AMI, or 40% to households making less than 60% of AMI 
Program Intent:  Place private bank funds required by law to invest in affordable 
housing. 
 
 
Name: ELDER Choice/ELDER 80/20 
Funding provided: Construction and permanent loan financing with terms of 30 or 
40 years, and 90% LTV.    
Administered by: MassHousing 
Rental/For Sale: Rental (for both affordable and market-rate units) 
Affordability Requirements: At least 20% of units available to households earning 
less than 50% AMI.  There are also limitations on fees 
Program Intent:  Assisted Living and Independent Living rental housing with 
support services. 
Profit Limitations: Complex formula because of special operating expenses – 
refer to Term Sheet.  
 
 
Name: City and State HOME Investments Partnership Act (HOME)  
Funding provided: HOME funds are federal grants that states may allocate 
towards subsidized loans (often soft second loans), direct subsidies, loan 
guarantees or rental assistance.   The state is required to match 25% of the 
federal grants, and the state requires local matching as well.  In Boston, the local 
matching occurs using DND’s Leading the Way II funds.  Subsidies are limited to 
the lesser of $750,000 per project or $50,000 per unit in communities that receive 
HOME Funding directly from the government (e.g. Boston).   HOME Funds are 
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generally awarded as no interest loans with deferred payments of 30 years.   
HOME Loans made to projects using LIHTC charge a higher interest rate. 
Administered by: DHCD/DND 
Rental/For Sale: Rental and For Sale. 
Affordability Requirements: At least 20% of units available to households earning 
less than 50% AMI.  For homeownership program, the units must be available to 
households earning less than 60% of AMI, and the households must qualify as 
first time homebuyers.   
Program Intent:  DHCD discourages applications for projects containing more 
than 50 HOME assisted units.  Applicants must demonstrate a high level of 
commitment to the Commonwealth’s principles of sustainable development.  
Applications with more than $155,000 development costs per unit “may not be 
competitive”.  
Profit Limitations: HOME funds requirement limit the sum of developer’s fee, 
profit and overhead to 12.5% of development costs (land acquisition, hard and 
soft costs), but there is a more stringent DND limit of 10% of total development 
costs that would apply because the state requires support from DND for all 
projects in the city of Boston that receive state HOME funds. 
 
 
Locally Administered Programs (in Boston) 
 
 
See HOME Funds above.  Local has similar requirements but is governed by the 
DND cap on profit.   
 
Name: Community Development Block Grant (CDBG)24 
Funding provided: Entitlement communities (population greater than 50,000) are 
eligible to receive CDBG funds.  Boston allocates a significant pool of CDBG 
funds to housing.  On a statewide basis, the CDBG program is divided into 
several programs, two of which are applicable.  The Community Development 
Fund (CDF) is divided into CDF I and CDFII.  CDFI was funded with $17.2 million 
in FY05, and is allocated to communities with high needs according to HUD’s 
definition, whereas CDFII was funded with $5 million in FY2005, and is for 
communities with moderate needs.  Grants are limited to $800,000 per project, or 
$1,000,00 per project if it is located in more than one community.   
Administered by: Department of Housing and Community Development  
Rental/For Sale: Both. 
Affordability Requirements: At least 70% of CBDG funding shall be used to 
support activities that benefit low and moderate income citizens.    
Program Intent:  “To develop viable urban communities, by providing decent 
housing and a suitable living environment and expanding economic opportunities 
                                                 
24 Municipalities, rather than developers, are eligible to apply for CDBG funding.  However, it is included 
in the survey because it is an important source of funding for developers.  Municipalities can use CBDG 
funding to subsidize portions of projects that create affordable housing and/or promote economic 
development.   
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principally for low to moderate income persons”. DHCD prioritizes projects that 
meet the objectives of the program and are consistent with the Commonwealth’s 
sustainable development principals.   Priority is given to communities that have 
addressed EO 418 (affordable housing plan). 
Profit Limitations: In Boston, these are subject to the DND limit of 10% of total 
development costs. 
 
Name: Leading the Way II funds (DND) - Boston 
Funding provided: The multi-family rental development program provides 
subsidies for developers, using money from disposition of city owned assets, 
linkage and hotel fees, and municipal CDBG and HOME funds. The 
homeownership program provides subsidized loans to developers of housing for 
first-time homebuyers, but is geared towards smaller projects. 
Administered by: DND  
Rental/For Sale: Rental (For-sale program not applicable to large developments). 
Program Intent:  Decisions are made in conjunction with HOME, LIHTC funds. 
Profit Limitations: 10% of total development costs. 
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Chapter 5 – Transit Oriented or Green Development Grants 
 
There are several recently created state programs designed to assist transit-
oriented smart growth development programs that create public benefit.  Many of 
these programs are funded by the Commonwealth Capital Fund of the Office of 
Commonwealth Development (OCD), which coordinates state capital spending 
programs that influence development patterns.  The OCD is responsible for 
ensuring that the state invests in projects that are consistent with its smart growth 
initiatives and sustainable development principles.  The OCD promotes smart 
growth development by linking municipal performance in implementing state 
initiatives to some state spending programs.  To that end, OCD issues scores for 
each municipality based on how well they promote smart growth and sustainable 
development.  All programs listed below are municipality driven.   
 
The programs vary in their intent.  The TOD is flexible enough to be used for 
projects ranging from municipal pedestrian or bicycle improvements, parking 
garages or affordable housing projects.  PWED is best for financing infrastructure 
and would work well with a DIF.   The CDAG program is intended for projects 
that exhibit some benefit to low-moderate income communities.  The Green 
Communities Initiative is intended to promote “green design” in projects that 
create some affordable housing.   
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5.1 Transit-Oriented Development Infrastructure and Housing Support 
(TOD) 
(http://www.mass.gov/ocd) 
 
This is a multi-year program intended to foster transit-oriented development 
projects by distributing $30 million in grant funding.  The program will provide 
grants for pedestrian improvements, bicycle facilities, housing projects and/or 
parking facilities located within one quarter mile of a subway, commuter rail, bus 
or ferry terminal.  TOD is administered by the Executive Office of Transportation, 
in collaboration with the Department of Housing and Community Development 
and the Office for Commonwealth Development.  The DHCD received about 25 
applications for the recent competitive cycle, and expects to award $5-$10 million 
this year. 
 
TOD funds are available to municipalities and to public-private partnerships 
under certain conditions, but not to private entities.   Developers can benefit from 
the TOD grants for pedestrian, bicycle improvements or parking garages located 
on public or private land, as long as the improvements create public benefit.  
Public entities can award the funds directly to a developer of affordable housing.  
However, the funds must be used in conformance with public procurement laws, 
which can be very difficult to coordinate with private work.  Although the grant is 
municipally driven, developers can assist the municipality to obtain funds by 
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expediting the application process for them.  Parking structures for private 
developments are not eligible for funding unless they are open to the public. 
 
Project awards: 
 
Maximum awards are $2,000,000 for housing projects, $500,000 for pedestrian 
or bicycle improvements, $2,000,000 for parking facilities, and $2,500,000 total 
for any particular project.  Awards may be given for the following two types of 
projects: 
 
• Design and construction or improvements to pedestrian, bicycle or parking 
facilities serving a mixed-use development. 
• Development or rehabilitation of a housing project, at least 25% of which 
must be affordable. For housing projects the maximum subsidy is 
$50k/unit.  
 
Grants are awarded using the following evaluation criteria of applications:  
 
• Mix of uses: Does the TOD have different and complementary uses. 
• Moderate to High Density – 12 to 60 units per acre. 
• Quality of Pedestrian environment and connections to transit. 
• Mobility Choice - Does it encourage and facilitate non-automobile travel? 
• Appropriateness of parking ratios 
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• Does the TOD increase transit ridership, improve access to transit, 
increase housing and employment near transit, and improve ability to live, 
work shop within ¼ mile of transit? 
• Leverage – Will the TOD foster other new transit-oriented development? 
• Does the TOD design include sustainable development principals – i.e. 
LEED certification or energy efficiency? 
• Financial Feasibility  
• Readiness to proceed   - requires evidence of permits and approvals.  
• Local support 
• Leverage other funding sources  
• Location in a DIF or 40R district is a benefit 
• A large part of the score is based on the municipality in which the TOD is 
located 
 
5.2 Public Works Economic Development Program (PWED) 
(http://www.eot.state.ma.us/default.asp?pgid=content/EOTGrantsPWED&
sid=about) 
 
The PWED program, administered by the Executive Office of Transportation and 
Construction, provides state funding to municipalities for infrastructure projects 
that promote economic development in a manner consistent with the state’s 
smart growth initiatives.  The program is funded by the Commonwealth Capital 
Fund.  Eligible costs include most typical infrastructure costs (roads, bridges, 
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utilities) but exclude public water and sewer systems.  Grants may be allocated 
toward hard and soft costs, and up to 25% of the grant may be used for land 
acquisition.   Infrastructure improvements must the goals of establishing or 
retaining commercial or industrial facilities, creating long term employment 
opportunities, leveraging private investment, and increasing the local tax base.     
 
Again, the developer may assist the municipality to apply for these grants in 
order to benefit from their allocation towards infrastructure to support the project.  
Maximum grant awards are $1,000,000, but larger grants may be awarded if they 
demonstrate significant regional economic benefit.  Applications are evaluated 
based on the following criteria: 
 
• Employment and Economic Development Opportunities (maximum 60 
points).  Calculations must describe the jobs to be created, their wages 
and effect on the unemployment rate, the impact on the tax-base, and 
leveraging of private investment. 
• Consistency with Smart Growth (maximum 20 Points). Located in town 
centers, near transit, consistent with local and state transportation policies. 
• Consistency with other State Policies (maximum 20 points). Promotes 
partnerships with municipalities seeking to locate development near 
existing infrastructure, preserve historic structures, and support the 
Commonwealth’s Principles of Sustainable Development. 
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5.3 Community Development Action Grant (CDAG) 
(http://www.mass.gov/dhcd/components/cs/1PrgApps/CDAG/default.htm 
 
The CDAG program, which is administered by DHCD, is intended to fund 
community development programs that redevelop blighted open, decadent or 
substandard areas for public benefit, with special emphasis on low-moderate 
income households (refer to Chapter 3 for definitions).   Only municipalities are 
eligible to apply for funding.   The intent of the program is very similar to that of 
the TOD program, except that the project is not required to be in close proximity 
to mass-transit.  Instead, the program requires that the project be a 
redevelopment project, or that it meet several of the state’s other sustainable 
development principals.  Certification of the site as blighted open, decadent or 
substandard is a precondition for application.   Parking facilities are not eligible 
for funding.  
 
Grants of up to $1,000,000 per project are available.  Applications are scored 
based on the following evaluation criteria: 
 
• The need for CDAG funds in that the project would not proceed without 
them. 
• The number of permanent jobs created or retained in comparison per 
dollar of CDAG funds. 
• The degree of economic distress of the area. 
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• Consistency with the State’s Sustainable Development Principles.  
• Degree of physical deterioration of the site. 
• The impact of the project on low-moderate income households. 
• Consistency with the municipalities Community Development Plan. 
• Impact on the surrounding neighborhood.  
• Project feasibility. 
• Leverage of other public or private investment.  
 
5.4 Green Communities Initiative 
(http://www.greencommunitiesonline.org) 
 
The Green Communities Initiative a five-year $555 million program that is 
intended to create 8500 units of environmentally friendly housing for low-income 
residents.  The program was initiated by the Enterprise Foundation and is 
collaborating (in MA) with the Massachusetts Technology Collaborative (MTC) 
and MassHousing.   It provides grants of up to $500,000 that may be used to pay 
for green building components of projects that include at least 25 affordable 
units.  In Massachusetts, grants for renewable energy are also available through 
MTC.  The program also provides private equity for purchasing tax-credits for 
green affordable housing projects, as well as loan programs for low-income 
housing.   
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Commercial Area Transportation Node Program (CATNP) 
 
This program is not described because it is not for market-driven projects (it 
includes a requirement for 51% affordability).   
 
5.6 Chapter Summary and Conclusions 
 
• Competitive grant programs exist that could add amenities and intangible 
marketing benefits to projects that create significant value.  They should 
be pursued at the appropriate time in a project’s life-cycle, but are not 
large enough to significantly influence a proforma.   
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APPENDIX A  
 
 
 
 
Enhancing Our Commonwealth 
 
The Office for Commonwealth Development is dedicated to careful stewardship of our natural 
resources, wise investment in public infrastructure and the expansion of opportunity for all our 
residents.  The beauty and bounty of Massachusetts are the result of decisions made in past 
generations; our choices today must create value and opportunity for all our residents now and in 
the future.  To improve the health and wealth of all our communities, we must draw together the 
creativity of our people, the vitality of markets, the resources of government, and the natural 
treasures we have inherited to design and build communities of diversity and delight for 
Massachusetts. 
 
The quality of life in all of Massachusetts depends upon growth decisions made in each unique 
community.  Planning for growth in a vibrant Commonwealth means working with those 
communities to integrate the diverse needs for housing, jobs, services, transportation and historic, 
cultural, and natural resources.  In order to achieve these objectives, the Office for 
Commonwealth Development will:  
 
• Encourage the coordination and cooperation of all agencies.  
• Invest public funds wisely in smart growth and equitable development.  
• Give priority to investments that will deliver living wage jobs, transit access, housing, open 
space, and community-serving enterprises.  
• Be guided by the following principles:  
  
1. Redevelop first.  Support the revitalization of town centers and neighborhoods. 
Encourage reuse and rehabilitation of existing infrastructure rather than the 
construction of new infrastructure in undeveloped areas.  Give preference to 
redevelopment of brownfields, preservation and reuse of historic structures and 
rehabilitation of existing housing and schools. 
 
2. Concentrate development.  Support development that is compact, conserves land, 
integrates uses, and fosters a sense of place.  Create walkable districts mixing 
commercial, civic, cultural, educational and recreational activities with open space 
and housing for diverse communities. 
 
3. Be fair. Promote equitable sharing of the benefits and burdens of development.  
Provide technical and strategic support for inclusive community planning to ensure 
 
Commonwealth of Massachusetts 
OFFICE FOR COMMONWEALTH 
DEVELOPMENT 
Mitt Romney, Governor  Kerry Healey, Lt. Governor  Douglas I. Foy, Chief 
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social, economic, and environmental justice.  Make regulatory and permitting 
processes for development clear, transparent, cost-effective, and oriented to 
encourage smart growth and regional equity. 
 
4. Restore and enhance the environment.  Expand land and water conservation.  
Protect and restore environmentally sensitive lands, natural resources, wildlife 
habitats, and cultural and historic landscapes.  Increase the quantity, quality and 
accessibility of open space. Preserve critical habitat and bio-diversity.  Promote 
developments that respect and enhance the state’s natural resources. 
 
5. Conserve natural resources.  Increase our supply of renewable energy and reduce 
waste of water, energy and materials.  Lead by example and support conservation 
strategies, clean power and innovative industries.  Construct and promote buildings 
and infrastructure that use land, energy, water and materials efficiently. 
 
6. Expand housing opportunities.  Support the construction and rehabilitation of 
housing to meet the needs of people of all abilities, income levels and household 
types.  Coordinate the provision of housing with the location of jobs, transit and 
services.  Foster the development of housing, particularly multifamily, that is 
compatible with a community’s character and vision. 
 
7. Provide transportation choice.  Increase access to transportation options, in all 
communities, including land and water based public transit, bicycling, and walking.  
Invest strategically in transportation infrastructure to encourage smart growth. 
Locate new development where a variety of transportation modes can be made 
available. 
 
8. Increase job opportunities.  Attract businesses to locations near housing, 
infrastructure, water, and transportation options.  Expand access to educational and 
entrepreneurial opportunities.  Support the growth of new and existing local 
businesses.   
 
9. Foster sustainable businesses.  Strengthen sustainable natural resource-based 
businesses, including agriculture, forestry and fisheries.  Strengthen sustainable 
businesses.  Support economic development in industry clusters consistent with 
regional and local character.  Maintain reliable and affordable energy sources and 
reduce dependence on imported fossil fuels. 
 
10. Plan regionally. Support the development and implementation of local and 
regional plans that have broad public support and are consistent with these 
principles.  Foster development projects, land and water conservation, 
transportation and housing that have a regional or multi-community benefit.  
Consider the long-term costs and benefits to the larger commonwealth.   
 
 
 
 
Subsidy 
Program Type Affordability Source
Administered 
by
Funding 
Provided
Per affordable 
unit funding
Per project 
funding
Expected 
FY2005 funding
available Profit Limit Comment
LIHTC (Low-
Income 
Housing Tax 
Credits) Rental
20% at 50% AMI 
including 10% at 
30% AMI?? HUD
DHCD for 9% & 
Masshousing for 
4%
Equity via 
syndicated tax 
credits 
9% of 
development costs 
of affordable units 
per year for 10 
years 
(competitive), or 
4% (non-
competitive)
$1,000,000 per 
project/yr. $11,901,830
5% of 
acquisition+  
15% first $3 
million 
replacement 
cost + 12.5% 
replacement 
cost between $3-
5 million  +  10% 
replacement 
cost over $5 
million
Priority is given to 
projects with fewer than 
100 units total.  DHCD 
discourages projects 
with more than 
$160,000 development 
cost/2b.r. unit. In order 
to spread money around 
the state, projects of 
with 30-70 affordable 
units per year are ideal
State HOME 
funds Both
20% at 50% AMI 
for rental, 20% at 
60% AMI 
homeownership HUD DHCD
Soft Second 
(deferred 
payment) loans, 
subsidized loans, 
direct grants, or 
loan guarantees
$50,000 in 
entitlement 
community, 
$65,000 in non-
entitlement 
communities $750,000 
$10,000,000 for 
multi-family 
rental
12.5% of 
development 
costs 
(including 
land).
Priority given to 
projects in non-
entitlement 
communities.  
Generally requires 
matching city HOME 
fund contribution in an 
entitlement 
community such as 
Boston. DHCD 
prefers projects with 
50 or fewer HOME 
assisted units.
State CDBG 
(Community 
Development 
Block Grants) DHCD
Grants to 
municipalities NA
$800,000 or 
$1,000,000 if 
located in 
multiple 
municipalities
$19,742,326 
allocated to 
Community 
Development 
Fund, 
$9,000,000 in 
mini-entitlement 
fund
State CDBG funds are 
for non-entitlement 
communities only.  
The funds are 
intended for grants to 
municipalities that 
support revitalization 
that assists low and 
moderate income 
residents.
AHTF 
(Affordable 
Housing 
Trust Fund) Both
20% at up to 110% 
of AMI
State 
Bonds DHCD
Deferred 
payment loans, 
no or low interest 
loans $50,000 
$1,000,000 or 
up to 
$2,000,000 at 
the discretion 
of DHCD
$22,000,000 
(FY06)
Limited by 
other subsidy 
programs (in 
order to 
contain market 
rate units and 
obtain AHTF 
funds, project 
must obtain 
subsidies or 
financing from 
another state 
or federal 
program).
Preference for 
affordability levels at 
80% AMI, for smart 
growth projects, and 
for family-size units.
PDF (Priority 
Development 
Fund) Both
20% at 50% AMI, 
or for projects not 
getting other 
subsidies, 25% at 
80% AMI.
Mass-
Housing 
operating 
revenues MassHousing
Deferred 
payment no or 
low interest loans 
- in combination 
with other 
MassHousing 
financing $75,000 
There is no 
per project 
limit leverage 
ratio of PDF to 
first loan 
$1/pdf for 
every $5 or 
mortgage 
financing.
$100,000,000 
over 3-5 year 
distribution 
period
Limited by 
MassHousing 
first mortgage 
(ERA, 80/20 or 
construction 
financing).
Intended as a gap 
filler to create market 
and affordable 
housing consistent 
with the state's smart 
growth initiative.  22% 
of the fund is set 
aside for transit-
oriented development.
80/20 
Program Rental 20% at 50% AMI 
State tax-
exempt 
bonds MassHousing
Tax-exempt 
construction and 
permanent 
financing (first 
mortgage) none 90% LTV
Profit and OH 
of 25% of "fee-
based" 
development 
costs, 10% 
annual return 
on equity
Loan is tax-exempt, 
but long loan term (30-
40 years) means rates 
are comparable to 
shorter term 
conventional loan.
State Administered Housing Programs
235
ERA 
(Expanding 
Rental 
Affordability 
Program) Rental 20% at 80% AMI
State 
taxable 
bonds MassHousing
Taxable 
construction and 
permanent 
financing - first 
mortgage none 90% LTV Same as 80/20
Intended as stand-
alone financing for 
projects that receive 
no tax-credit or other 
federal or state 
subsidies.
Masshousing 
for-sale 
construction 
financing For-sale 20% at 80% AMI MassHousing
High LTV loans - 
rates are 250 bps 
above 2 year US 
Treasury Bill none
90% of total 
development 
costs
Intended to be 
regulated by 
40B 
"reasonable 
return"
Rates similar to 
conventional loans but 
with higher LTV.
MATCH Rental 20% at 50% AMI
State tax-
exempt 
bonds
Mass Housing 
Partnership/Ma
ss 
Development
Tax-exempt 
permanent loans -
first mortgage none
Lesser of 
$15,000,000 
or 85% LTV
Governed by 
heavier 
subsidies
Limited by 
LIHTC
Intended for use with 
4% tax-credits
City HOME 
Funds Both
20% at 50% AMI 
for rental, 20% at 
60% AMI 
homeownership HUD DND
Soft Second 
(deferred 
payment) loans, 
subsidized loans, 
direct grants, or 
loan guarantees $50,000 $750,000 $9,660,982 
Limited by 
DND formula - 
similar to 
LIHTC for 
rental
City CDBG 
Funds Both
70% of funds must 
directly benefit low 
to moderate 
income households 
(80% of AMI) HUD DND
Loans or direct 
subsidies $29,561,571 
Limited by 
DND formula - 
similar to 
LIHTC for 
rental
LTW II 
(Leading The 
Way II) Both Boston DND
Loans or direct 
subsidies $7,865,000 
Limited by 
DND formula - 
similar to 
LIHTC for 
rental
Locally Administered Housing Programs
235
